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I .  INTRODUCTION 
This r epor t  summarizes the  main r e s u l t s  of the research  on da ta  
from t h e  Stanford University/Stanford Research I n s t i t u t e  VLF experiments 
flown on OGO 2 (C 02) and OGO 4 (D 0 2 ) .  The work has been supported by 
the  Nat ional  Aeronautics and Space Administration under con t r ac t  
NAS 5-3093. 
Chapter 2 b r i e f l y  descr ibes  the  o r b i t s  and a t t i t u d e s  of both 
sa te l l i t es ,  and presents  t h e  main f e a t u r e s  of t h e  VLF experiments C 02 
and D 02. The c a l i b r a t i o n  curves of t h e  corresponding r ece ive r s  a r e  
given i n  Appendix B. 
Chapter 3 o u t l i n e s  the  experiment 's  purposes, and Chapter 4 gives  
a concise  account of t he  r e s u l t s  obtained t o  d a t e  on each of s eve ra l  
t op ic s .  Spec i f i c  re ferences  a r e  then made t o  the  i l l u s t r a t e d  a b s t r a c t s  
of Appendix A.  A l i s t  of publ ica t ions  acknowledging con t r ac t  NAS 5-3093 
is a l s o  included with the  r e p o r t .  
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11. BACKGROUND 
A .  SATELLITE ORBIT AND ATTITUDE 
OGO 2 was launched on 14 October 1965 i n t o  a po lar  o r b i t  w i t h  
0 i n c l i n a t i o n  of 87.3 . The antenna of experiment C 02 was deployed a t  
0012 on 18 October. A t  t h a t  t i m e  the  period was 104 min 27 sec  and the  
a l t i t u d e s  of per igee  and apogee were 423 and 1525 km, respec t ive ly  
(Table 1 ) .  The intended three-axis  s t a b i l i z a t i o n  could not  be achieved 
due t o  malfunction of t he  horizon scanners .  
OGO 4 was launched on 28 J u l y  1967 i n t o  a low a l t i t u d e ,  po lar  
o r b i t  with i n c l i n a t i o n  86 . The antenna of experiment D 02 was deployed 
a t  1514 on 30 Ju ly .  A t  t h a t  t i m e  t he  period was 98 min 54 sec  and the  
a l t i t u d e s  of per igee  and apogee were 415 km and 908 km, r e spec t ive ly  
(Table 1). OGO 4 w a s  three-axis  s t a b i l i z e d  (with the  z-axis v e r t i c a l ,  
and the  x-axis normal t o  the  sun l i n e  i n  sun l igh t )  u n t i l  23 January 1969, 
when i t  was spun. The da ta  from experiment D 02 have been of exce l l en t  
q u a l i t y  and t o  t h e  t i m e  of t h i s  wr i t i ng  (Apri l  1970) have shown no 
degradat ion o t h e r  than the  imposs ib i l i t y  t o  u s e  t he  e l e c t r i c  mode. 
0 
For a d e t a i l e d  account of t he  Orbi t ing Geophysical Observatory 
missions s e e  t h e  r epor t  by Ludwig C19651. 
B. DESCRIPTION OF EXPERIMENTS C 02 AND D 02 
The Stanford University/Stanford Research I n s t i t u t e  W experiments 
aboard OGO 2 (C 02) and OGO 4 (D 02) c o n s i s t  of an antenna and preamp- 
l i f i e r ( s )  a t  the  end of a long boom, and s i x  rece ivers  ( f i v e  on OGO 2) 
located i n  the  main body. Figure 39 i n  Appendix B is  a block diagram 
of t h e  experiment flown on OGO 2.  With the  t w o  modif icat ions discussed 
below, i t  a l s o  represents  t h e  experiment aboard OGO 4 .  
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Table 1. O r b i t  parameters of OGO 2 and OGO 4 a t  antenna deployment. 






The antenna is  a loop with 2.9m d i a m e t e r  and 7.6cm diameter c ross  
sec t ion ,  located a t  the  end of the  +y, 20-foot boom. The plane of the  
antenna i s  normal t o  the  x-axis and the re fo re  contains  the l o c a l  v e r t i c a l  
(and the  sun, when i n  s u n l i g h t )  i n  the  s t a b i l i z e d  m o d e .  
Through a matching t ransformer , the  loop antenna of OGO 4 can be 
connected e i ther  a s  a magnetic or a s  an e l e c t r i c  sensor .  Accordingly, 
i n  addi t ion  t o  the  magnetic preampl i f ie r  shown i n  Figure 39, t he  EP-5 
package i n  OGO 4 a l s o  conta ins  one e l e c t r i c  preampl i f ie r ,  t he  coupling 
t ransformer,  and a network for biasing the e l e c t r i c  antenna. (The EP-5 
package i n  OGO 1 and CGO 2 a r e  s imi l a r  but i n  the  more r ecen t  OGO's 3 
and 4 the  e l e c t r i c  antenna was included.)  
The main body of OGO 2 (Figure 39) houses th ree  narrowband sweeping 
r ece ive r s ,  one phase t racking  r ece ive r ,  and one (two, i n  OGO 4)  broad- 
band r e c e i v e r .  Table 2 summarizes t h e  main c h a r a c t e r i s t i c s  of t he  
r ece ive r s  i n  OGO 2 and OGO 4.  
The sweeping r ece ive r s  (bands 1, 2 and 3) measure the  amplitudes of 
t h e  detected s i g n a l s  i n  a narrow band (see  Table 21, which a r e  then 
d i g i t i z e d  (words MC8, MC7 and MC6 i n  the  r i g h t  margin of Figure 39) and 
telemetered by t h e  wide band te lemetry t r ansmi t t e r .  Band 1 covers the  
three-octave range 0.2-1.6 kHz i n  256 s t e p s .  A t  any s t e p  the  frequencies  
of the  band 1, band 2 and band 3 r ece ive r s  a r e  r e l a t ed  a s  1:8:64, S O  
t h a t  together  t he  th ree  r ece ive r s  cover the  range 0.2-100 kHZ, On 
command (mode B, Table 3)  t he  s tepping r ece ive r s  can be tuned t o  any 
f ixed  frequency within t h e i r  range. 
The phase-tracking rece iver  measures the  amplitude and phase of 
incoming s i g n a l s  i n  a 50-Hertz bandwidth centered a t  any harmonic of 
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Table 2. Receiver c h a r a c t e r i s t i c s  of experiments C 02 and D 02. 
I Narrow ba nt S 
Band 1 Band 2 
! I 
Band 3 
12.5 - 100 
Frequency range (kHz1 CO2 0.2 - 1.6 DO2 I 11  
1.2 
? I  
0.4 
1.6 
I magnetic C021 32 - 4 I 6 - 0.8 
I t  f i e l d  (py) DO2 
I ?  
Thres ho Id  I 
# 
0.08 
* * S e n s i t i v i t y  e lec t r ic  p o t e n t i a l  C02 
preamplif ier  (pV) 
a t  input  of DO2 0.6 - 0.06 0 e06 
* # * 
0.06 80 200 .o-20 
90 
I I  Dynamic range (db) 90 I 
23 - 34 and 




190 I 8.2 and 5.0 1 IF Freq. (kHz) 2.97 23.75 
3-db Bandwidth (Hz) 40 150 5 00 I I 50 
344 AF/ s t e p  (Hz/ s t e p  ) 5 e4 43 
Data r a t e  (kbi t / sec)  4,16,64 4,16,64 
100 
4,16,64 4,16,64 
Sweep r a t e  ( s teps /sec)  3.36,13.9,56 3.36,13.9,56 
Sweep t i m e  (sec/sweep) 
3 .36,13 a 9,56 
73 .4,18.4,4.6 
48.4,18,4.4 In t eg ra t ion  t i m e  constant  (msec) 460,114,20 146,40,9.4 
* 
OGO 2 does not have electric antenna nor ELF r ece ive r .  
Table 3. Modes of opera t ion  of experiments C 02 and D 02. 
PCM Data ( d i g i t a l )  Spec ia l  Purpose Data (analog) 
Vlode Bands 1, 
2 and 3 
Ph. t racking  
rece iver  
Command SC Word 49 VCO a t  17.5 kHz contains  : 
Cal ibra tor  WD1-128(temp) IWD129-256(sync) OGO 2 (C02) IOGO 4 (D02) SP2 Output 




Off* 1.28-3 -84 0-0.64 
Voltage 4.40-5.12 1.00-1 -28 s igna l s  i n  
Current 3.84-4.40 0.64-1 .OO (0.3-12.5 







Vo 1 t age 
Current 
Same as above 
except ON f o r  
f i r s t  128 
s t e p s  of 
sweeping 
r ece ive r s  
Same as  above 
Same as above 
except ON f o r  
l a s t  128 
s t eps  of 
sweeping 
r ece ive r s  
Same as  above 








Amplitude of s i g n a l  
i n  band 3 
Off 
vco-2 e 5  vpp 
LO2-1.25 vpp 
(23 -75 kHz)- 
Divided IF  
1.25 vpp 
* 
NOTES: 1. Automatic c a l i b r a t e :  I n  mode A ca l  sequence repea ts  every 32 sweeps (64 subcom frames).  
2. LO2 i s  t h e  l o c a l  o s c i l l a t o r  f o r  band 2 (25.33-36.25 kHz). 
3. LO4 is the  l o c a l  o s c i l l a t o r  f o r  t h e  Phase Tracking rece iver  a t  23-34 kHz. 
4. LO5 i s  t h e  l o c a l  o s c i l l a t o r  f o r  t he  Phase Tracking receiver a t  2.7-3.6 kHz. 
- 
s P3 
100 Hz between 14.4 and 26.3 kHz. The corresponding amplitude c a l i b r a t i o n  
curves a r e  given i n  Figures 44 and 49. In  the  phase measurement 1 v o l t  
corresponds t o  360 e 0 
The broadband r ece ive r  y i e l d s  the  dynamic spectrum of t h e  log- 
compressed and cl ipped s i g n a l s  i n  t h e  range 0.3 - 12.5 kHz (VLF rece ive r ,  
t ransmit ted i n  SP3, Figure 39 and Table 3) .  In t h e  OGO-4 experiment ( a s  
w e l l  a s  i n  OGO 3) a second broadband r ece ive r  was added t o  cover the  
frequency range 15-300 Hz (ELF r ece ive r ,  s e e  frequency response i n  
Figure 51 ) ;  t h e  log-compressed and cl ipped s i g n a l s  i n  t h i s  band frequency- 
modulate t h e  VCO i n  mode A (Table 3 ) .  
Ca l ib ra t ion  curves f o r  t he  OGO-4 r ece ive r s  i n  the  magnetic mode a re  
given i n  Figures  40-44 of Appendix B. The r e l a t i o n s h i p  between the output 
of t h e  band 3 r ece ive r  and t h e  frequency of the VCO when i n  mode B i s  
given i n  Figure 50, which does not  depend on the  antenna connection 
(electric or magnetic).  These curves a l s o  apply t o  the  rece ivers  aboard 
OGO 2. 
Ca l ib ra t ion  curves f o r  the  OGO-4 r ece ive r s  i n  the  e l e c t r i c  mode 
a r e  given i n  Figures  45-49. 
Figure 5 1  gives  the  r e l a t i v e  frequency response of t he  ELF band i n  
OGO 4 (OGO 2 does not  have t h i s  f e a t u r e ) .  
A de t a i l ed  desc r ip t ion  of experiment C 02 i n  OGO 2 i s  given by 
F i c k l i n  e t  a 1  C19651, and of the  s i m i l a r  experiments i n  OGO's 1 and 3 
by Rorden e t  a1  C19661 and F ick l in  e t  a 1  C1967bl. The processing of 
OGO d i g i t a l  da ta  i s  described by F i c k l i n  e t  a1  C1967al. 
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I11 s EXPERIMENT PURPOSES 
The 
OGO 2 and 
proposed objec t ives  
OGO 4 r e spec t ive ly ,  
of experiments C 02 and D 02, flown on 
were t o  make VLF measurements a t  ionospheric 
he ights  t h a t  might lead t o  a b e t t e r  understanding of VLF propagation and 
wave-particle i n t e r a c t i o n s  i n  the magnetosphere and ionosphere, and t o  
survey t h e  ionospheric no ise  i n  a range of f requencies  from 200 Hz t o  
100 kHz e 
I t  was an t i c ipa t ed  t h a t  c o r r e l a t i o n  of the  s a t e l l i t e  da t a  w i t h  
ground d a t a  recorded a t  s t a t i o n s  of t h e  network operated by Stanford 
Universi ty  would be u s e f u l .  I t  was proposed t o  pay s p e c i a l  a t t e n t i o n  
t o  the  following topics  : 
1. 
2 .  
3. 
4. 
5 .  
6 .  
7. 
a .  
Propagation experiments, aimed a t  a b e t t e r  understanding of 
whistler-mode propagation i n  the  ionosphere and magnetosphere. 
Information was expected on access ib l e  regions,  s i g n a l  ampli- 
tudes ,  and poss ib le  coupling between the  magnetosphere and the  
earth-ionosphere waveguide. Both wh i s t l e r s  and man-made s igna l s  
should be used i n  t h i s  s tudy.  
Proper t ies  of t h e  ionosphere and magnetosphere, such as  
a t t enua t ion  i n  the  low ionosphere and e l ec t ron  dens i ty  
v a r i a t i o n s  e 
Wave-particle i n t e r a c t i o n s .  T h i s  should include a s t u d y  of 
t h e  loca t ion  of no ise  sources  and emission t r igge r ing  by 
wh i s t l e r s  and man-made s i g n a l s .  
Relat ionship between VLF phenomena and poss ib l e  in t e rac t ions ,  
resonances and c u t o f f s  i n  the plasma i n  the v i c i n i t y  of t he  
s a t e l l i t e .  
Whistlers with anomalous spec t r a  observed a t  Alouet te  but no t  
on t h e  ground. 
The r e l a t i o n s h i p  between VLF phenomena and magnetic storms. 
New VLF phenomena. 
A survey of no i se  i n  t h e  range 200 Hz - 100 kHz. 
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I V e  RESULTS TO DATE 
This s e c t i o n  h igh l igh t s  t he  main s c i e n t i f i c  r e s u l t s  from the  research 
on t h e  OGO 2 and OGO 4 d a t a .  The top ic s  a r e  organized i n  p a r a l l e l  with 
t h e  experiment ob jec t ives  out l ined  i n  t h e  previous sec t ion ,  and i n  genera l  
only a very b r i e f  desc r ip t ion  of r e s u l t s  is  made here ,  with a re ference  
made t o  t h e  i l l u s t r a t e d  a b s t r a c t s  of Appendix A .  In a f e w  cases ,  par- 
t i c u l a r l y  with r e spec t  t o  cu r ren t  research  no t  included i n  the  Appendix, 
a more lengthy d iscuss ion  i s  presented. 
A .  PROPAGAT ION EXPERIMENTS 
An e a r l y  survey of f i e l d  i n t e n s i t i e s  from VLF t r ansmi t t e r  measured 
a t  OGO 2 has shown s e v e r a l  new phenomena, including a l a t i t u d i n a l  cutoff  
(Appendix A . 1 1 ,  an t ipodal  enhancements, an equa to r i a l  reduct ion of i n -  
t e n s i t y  and unexpected fading p a t t e r n s  (see Appendix A . 1 3  i n  t he  OGO 1 
and OGO 3 report). 
The e q u a t o r i a l  reduct ion of i n t e n s i t i e s  of wh i s t l e r s  and s igna l s  
from VLF s t a t i o n s  a s  observed a t  OGO 4 was f u r t h e r  analyzed and in t e rp re t ed  
i n  t e r m s  of a deiocusing of rays  during night t ime and an absorption i n  
the lower ionosphere during day t ime  (Appendix A.5). Far these  s t u d i e s  
ray t r a c i n g  [Walter, 19691 and f u l l  wave [Scarabucci, 19691 computer 
programs developed a t  Stanford were u t i l i z e d .  
The propagation s t u d i e s  a l s o  l e d  to  the  i d e n t i f i c a t i o n  of two new 
d i s t i n c t  types of nonducted w h i s t l e r  mode propagation i n  the  magneto- 
sphere:  t he  walking-trace (WT) mode and the  pro- longi tudinal  (PL) mode. 
Waves propagating i n  t h e  walking t r a c e  (WT) mode pene t r a t e  the  
ionosphere a t  mid- la t i tudes ,  dev ia t e  toward higher L s h e l l s ,  and then 
move s l i g h t l y  inward, reaching the  top  of the  conjugate ionosphere with 
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wave normals near ly  t ransverse  t o  the  geomagnetic f i e l d .  T h i s  is the  
na tu ra l "  mode of nonducted propagation, which takes  p lace  when the re  11 
a r e  no l a rge  l a t i t u d i n a l  g rad ien t s  of e l ec t ron  dens i ty  i n  t h e  ionosphere. 
The s t u d y  of propagation i n  the  WT mode included both n a t u r a l  wh i s t l e r s  
and s i g n a l s  from t h e  Omega s t a t i o n s  a t  10.2 t o  12.5 kHz. Bes ides  the  
l a r g e  wave normal angles w i t h  r e spec t  t o  t h e  geomagnetic f i e l d ,  the  WT 
mode i s  charac te r ized  by a s t rong  focusing of energy i n  a r e l a t i v e l y  
narrow range of l a t i t u d e s  i n  t h e  conjugate ionosphere, where the  s igna l s  
a r e  commonly doppler-shif  ted seve ra l  t ens  of Hertz (Appendix A -9). 
In the  presence of t h e  l a r g e  l a t i t u d i n a l  grad ien ts  of e l ec t ron  
dens i ty  commonly found near  t h e  plasma trough, a ray  penet ra t ing  the  
ionosphere a t  those  l a t i t u d e s  is deviated toward lower L s h e l l s ,  c rosses  
the  equator near  L = 2.5, and f i n a l l y  may reach a wide range of l a t i t u d e  
i n  t h e  conjugate ionosphere w i t h  a wave normal not  f a r  from p a r a l l e l  t o  
t he  geomagnetic f i e l d .  This is  the  pro- longi tudinal  (PL) mode of 
propagation (Appendix A.6), charac te r ized  by t r a v e l  t i m e s  comparable t o  
those  produced by longi tudina l  propagation along a low l a t i t u d e  duct .  
The discovery of t he  PL mode provided a n a t u r a l  i n t e r p r e t a t i o n  f o r  the  
following VLF phenomena observed a t  low a l t i t u d e  s a t e l l i t e s :  the  
majori ty  of wh i s t l e r s  with normal d i spe r s ion ,  the  amplitudes and high 
l a t i t u d e  cu tof f  of s igna l s  from VLF t r ansmi t t e r s  i n  the  conjugate hemi- 
sphere,  and the high l a t i t u d e  cutoff  of one-hop whi s t l e r s .  
The o r i g i n a l  i d e n t i f i c a t i o n  of t he  PL mode - a s  opposed t o  t h e  WT 
mode - was g r e a t l y  aided by measuring a t  OGO 4 the  amplitudes of t he  same 
s i g n a l  w i t h  two r ece ive r s  having very d i f f e r e n t  bandwidths. The coincidence 
of t h e  amplitudes measured by t h e  phase t racking  r ece ive r  (50 Hz bandwidth) 
and the  band 3 r ece ive r  (500 Hz bandwidth) indicated t h a t  any doppler s h i f t  
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should be less than 25 Hz and the re fo re  ru led  out  propagation i n  the  WT 
mode 
Be PROPERTIES OF TME IONOSPHERE AND MAGNETOSPmRE 
1. Plasma dens i ty  and composition. Analysis of s p e c t r a l  cha rac t e r i s -  
t i c s  of WT whi s t l e r s  (Appendix A.9) has led t o  magnetospheric equa to r i a l  
p r o f i l e s  t h a t  incorpora te  small g rad ien t s  across  L shel ls .  The low cutoff  
of t hese  w h i s t l e r s ,  depending on the  maximum value of t h e  lower hybrid 
resonance (LHR) frequency above t h e  s a t e l l i t e ,  places  cons t r a in t s  on the  
i o n i c  composition i n  t h a t  v i c i n i t y .  
The observat ion of n a t u r a l  or man-made s i g n a l s  propagating i n  the  
PL mode has been used t o  i n d i c a t e  the  presence of very l a rge  l a t i t u d i n a l  
g rad ien t s  of e l e c t r o n  dens i ty  i n  t h e  ionosphere (Appendix A.6). 
The l a rge  decrease i n  amplitude of man-made s igna l s  near  the  equator 
a t  n igh t  i s  in t e rp re t ed  a s  a defocusing of rays  and evidences a rapid 
change of v e r t i c a l  g rad ien t  of e l e c t r o n  dens i ty  with height  (Appendix 
A.5). 
The r e f l e c t i o n  of downcoming whi s t l e r s  a t  the  two ion cutoff  was 
used t o  estimate t h e  i o n i c  composition near  the s a t e l l i t e .  The d ispers ion  
p rope r t i e s  of t he  r e s u l t i n g  
bounds on the  v a r i a t i o n  of 
s a t e l l i t e  (Appendix A .  11) e 
11 ion cutoff  wh i s t l e r s "  was used t o  p lace  
H+ concent ra t ion  w i t h  a l t i t u d e  below the  
A c o r r e l a t i o n  of the  VLF and t h e  ion mass spectrometer da t a  from 
OGO 2 has confirmed t h a t  t he  pos i t i on  of t he  plasmapause coincides  w i t h  
the  cu tof f  of w h i s t l e r s  o r ig ina t ed  i n  the conjugate hemisphere, and with 
c h a r a c t e r i s t i c  changes i n  the  VLF no i se  a c t i v i t y  (Appendix A.2), These 
f e a t u r e s  of t he  plasmapause c ross ing  a t  low a l t i t u d e s  have been used t o  
i d e n t i f y  t h a t  boundary i n  t h e  following c o r r e l a t i v e  s t u d i e s .  
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The pos i t i on  of the  plasmapause w a s  determined from OGO 2 and oG0 4 
VLF da ta  i n  order  t o  be compared with the  loca t ion  of a barium cloud 
release (Appendix A . 3 )  and with a high a l t i t u d e  e c l i p s e  (Appendix A.4). 
Other experiments of t h i s  kind a r e  present ly  being ca r r i ed  out  (Carpenter,  
p r i v a t e  communication). 
2 .  Attenuat ion.  I t  was v e r i f i e d  t h a t  a t t enua t ion  of wh i s t l e r  waves 
i n  t h e  magnetosphere is  very small .  Indeed, the  s i g n a l  amplitude measured 
by OGO 4 near  a VLF t r ansmi t t e r  is  comparable t o  the  amplitude of a s i g n a l  
t h a t  propagated i n  the  PL mode, measured i n  the  conjugate regions 
(Appendix A.6). 
i s  even l a r g e r  i n  the  conjugate region than near  t he  t r ansmi t t e r ,  due t o  
the  focusing (Appendix A.9). 
For s i g n a l s  which propagate i n  the  WT mode the  amplitude 
Most of t he  ionospheric  a t t enua t ion  takes  place a t  low a l t i t u d e s .  
F u l l  wave ca l cu la t ions  of s i g n a l  amplitudes of the  Omega t r ansmi t t e r  
(For re s t  Po r t ,  N e w  York) a t  12.5 and 12.6 kHz were found t o  be i n  good 
agreement w i t h  OGO-4 measurements near  t he  t r ansmi t t e r  (Appendix A . 7 ) .  
Computations of a t t enua t ion  through the  ionosphere as a func t ion  of 
frequency and l a t i t u d e  were a l s o  found i n  agreement with measurements i n  
t h e  case  of the  daytime e q u a t o r i a l  e ros ion  of wh i s t l e r s  (Appendix A.5). 
The s t rong  e f f e c t  on the  a t t enua t ion ,  of t h e  d i r e c t i o n  of t he  inc ident  
wave normal with r e spec t  t o  the  geomagnetic f i e l d ,  has been c l e a r l y  
shown i n  the s tudy of the  night t ime e q u a t o r i a l  defocusing of man-made 
s i g n a l s  (Appendix A .5 ) . 
C. WAVE-PARTICLE INTERACTIONS 
This t op ic  includes s t u d i e s  of t he  loca t ion  of emission sources and 
of emission t r i g g e r i n g  by w h i s t l e r s  and man-made s igna l s .  In genera l  
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these r e l i e d  heavi ly  on the  p rope r t i e s  of ray paths  i n  the  magnetosphere 
deduced i n  the  propagation experiments. 
A survey of OGO-4 d a t a  from t h e  ELF band (20 t o  - 500 Hz) revealed 
s e v e r a l  types of no ise  with d i s t i n c t  f e a t u r e s  (Appendix A . 1 3 ) .  Some of 
t he  bands of h i s s  e x h i b i t  a sharp lower cutoff  s l i g h t l y  below t h e  l o c a l  
proton gyrofrequency. By analogy with t h e  newly i d e n t i f i e d  ion cutoff  
w h i s t l e r s  (Appendix A * l l ) ,  it was concluded t h a t  t h i s  type of noise  
propagates downward a t  t h e  s a t e l l i t e  a l t i t u d e ,  and is the re fo re  generated 
above it .  
i ts  sharp  upper cu tof f  toward the  equator  (Appendix A.141, i s  cu r ren t ly  
being u t i l i z e d  t o  loca t e  t h e  genera t ion  region (Muzzio, p r i v a t e  communi- 
c a t i o n ) .  
A pecu l i a r  f e a t u r e  of t h i s  h i s s  band, a monotonic decrease of 
Other types of ELF h i s s  i d e n t i f i e d  i n  the  survey (Appendix A . 1 3 )  
e x h i b i t  more complex behavior and t h e i r  i n t e r p r e t a t i o n  is  s t i l l  under 
inves t iga t ion .  
The i n t e n s i t i e s  of au ro ra l  h i s s  measured a t  Byrd S ta t ion ,  Antarct ica ,  
and a t  OGO 2 were in t e rp re t ed  i n  terms of Cerenkov r ad ia t ion  (Appendix 
A.15) along the  tube of f o r c e  extending above t h e  s a t e l l i t e .  
A t  au ro ra l  regions an impulsive h i s s  is gene ra l ly  observed, extending 
from a few ki loHertz  t o  t h e  upper cu tof f  of t h e  broadband rece iver  a t  
12.5 kHz. S ta t ionary  forms of t h i s  au ro ra l  h i ss  were found t o  map t h e  
au ro ra l  oval  (Appendix A.17). 
A c o r r e l a t i o n  w a s  made between the  VLF da t a  received i n  a rocket  
shot  near  the plasmapause and an almost simultaneous pass of OGO 4.  A 
band of no i se  exh ib i t i ng  a v a r i a b l e  low c u t o f f ,  and normally observed by 
OGO 4 near  the plasmapause, was de tec ted  both a t  the  s a t e l l i t e  and a t  
t he  rocke t ,  A comparison of the  c u t o f f s  from both experiments showed 
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t h a t  t he  lower cu tof f  frequency i s  a func t ion  of L alone and not  of 
a l t i t u d e .  I t  was the re fo re  concluded t h a t  t h i s  no ise  i s  generated above 
the  s a t e l l i t e ,  propagates along the  f i e l d  l i n e ,  and i t s  low cutoff  does 
not depend on t h e  lower hybrid resonance frequency a t  t h e  s a t e l l i t e  
(Appendix A .  16) . 
-
Observations on OGO 2 and OGO 4 of no ises  t r iggered by wh i s t l e r s  
and man-made s i g n a l s  include both continuous and d i s c r e t e  emissions 
Although t h e  l a t t e r  resemble i n  s p e c t r a l  shape events observed on the  
ground, t h e  two phenomena probably d i f f e r  s u b s t a n t i a l l y  i n  the  t r i gge r ing  
process .  This has been shown by the  ana lys i s  of a r t i f i c i a l l y  s t imulated 
emissions (ASE) i n  Appendix A.10, which w a s  based on r e s u l t s  from t h e  
propagation experiments, p a r t i c u l a r l y  on t h e  WT and PL modes (Appendices 
A.9 and A.6). 
D. RELATIONSHIP OF VLF PHENOMENA TO PLASMA INTERACTIONS NEAR THE 
SATELLITE 
The two-ion cutoff  immediately below t h e  proton gyrofrequency a t  t he  
s a t e l l i t e  was de tec ted  and i ts  frequency measured by the  ion  cutoff  
wh i s t l e r  (Appendix A . l l ) .  
A c o r r e l a t i o n  between OGO-4 VLF da ta  from e l e c t r i c  and magnetic 
antennas has shown t h a t  phenomena produced by propagating waves were 
equal ly  observed by e i t h e r  sensor  (Appendix A.18). This was the  case 
f o r  ins tance  f o r  t he  WT w h i s t l e r s ,  whose spec t r a  never the less  depend on 
t h e  lower hybrid resonance (LHR) frequency above the  s a t e l l i t e .  However, 
t he  same s tudy has shown t h a t  t h e  so-called LHR noise  i s  mainly seen by 
the  e l e c t r i c  antenna, being the re fo re  an e l e c t r o s t a t i c  and loca l ized  
phenomenon. 
Another phenomenon apparent ly  connected t o  the  LHR frequency i n  the  
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v i c i n i t y  of the  s a t e l l i t e  i s  the  LHR w h i s t l e r ,  observed on OGO 2 and 
OGO 4 (Appendix A .  19) .  
In t e r f e rence  phenomena were de tec ted  by the  unbalanced e l e c t r i c  
antenna of experiment D 02 on OGO 4 .  In sun l igh t  a s t rong  in t e r f e rence  
blocked t h e  VLF r ece ive r ,  a condi t ion  t h a t  sys temat ica l ly  changed a t  the  
terminator  (Appendix A.20). With the  s a t e l l i t e  i n  e c l i p s e  the antenna 
behaved normally, except  f o r  pe r iod ic  in t e r f e rences  detected near t he  
equator (Appendix A.21). These phenomena have not  y e t  been s a t i s f a c t o r i l y  
in t e rp re t ed .  
E.  WHISTLERS WITH ANOMALOUS DISPERSION 
A s  a l ready  mentioned, t h e  majori ty  of wh i s t l e r s  w i t h  "normalt1 d i s -  
pers ion observed a t  l o w  a l t i t u d e  s a t e l l i t e s  a r e  in te rpre ted  by the  PL 
mode of propagation (Appendix A . 6 ) .  The "walking t race" (WT) w h i s t l e r s ,  
r i s i n g  tones observed above - 5 kHz, were explained by nonducted propa- 
ga t ion  i n  the  absence o f  l a r g e  l a t i t u d i n a l  g rad ien t s  of e l ec t ron  dens i ty  
i n  t h e  ionosphere (Appendix A .9). Other wh i s t l e r s  with anomalous d i s -  
pers ion which are sometimes observed were not  y e t  completely understood. 
These include w h i s t l e r s  present ing  a cusp which i s  apparent ly  d u e  to a 
gradual  t r a n s i t i o n  i n  l a t i t u d e  between the  MR and PL modes of propagation, 
and of t he  LHR whi s t l e r s  (Appendix A.19) a s  w e l l  a s  o the r  high frequency 
components possibly a l s o  r e l a t ed  t o  them. 
F. RELATIONSHIP BETw$EN VLF PHENOMENA AND MAGNETIC STORMS 
Several  VLF phenomena respond t o  changes i n  the  magnetosphere 
associated w i t h  magnetic storms a 
G. NEW VLF PHENOMENA 
The following phenomena already described were first i d e n t i f i e d  from 
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OGO-2 and OGO-4 VLF da t a :  
1. Equator ia l  erosion and defocusing of wh i s t l e r s  and man-made 
s i g n a l s  (Appendix A . 5 ;  see a l s o  Appendix A . 1 3  of the  OGO 1 and 
OGO 3 r e p o r t ) .  
2. Walking t r a c e  (WT) wh i s t l e r s  (Appendix A.9). 
3 .  Ion cu tof f  wh i s t l e r s  (Appendix A . l l ) .  
4 .  Equator ia l  e ros ion  of ELF h i s s  (Appendix A.14). 
5 .  Ar t i f i c i a l ly - s t imu la t ed  emissions (ASE) i n  OGO 4 (Appendix A . l O ) .  
6.  S t a t iona ry  forms of au ro ra l  h i s s  (Appendix A.17). 
7 .  LHR whis t l e r s  (Appendix A.19). 
8. Deep fading of man-made s i g n a l s  (see Appendix A . 1 3  of the  OGO 1 
and OGO 3 r e p o r t ) .  
The following paragraphs l i s t  some of t he  o the r  new observat ions.  
Proton wh i s t l e r s  produced by downcoming e l ec t ron  wh i s t l e r s  were 
observed near  t he  magnetic equator  (Appendix A.12). 
The banded chorus,  descr ibed i n  Appendix A.7 of the  OGO 1 and OGO 3 
r e p o r t ,  has a l s o  been observed a t  low a l t i t u d e s  i n  a frequency band t h a t  
cen te r s  a t  near ly  O.2,the minimum gyrofrequency along the  f i e l d  l i n e  
through t h e  s a t e l l i t e .  
I t  "Banded whi s t l e r s ,  one-hop whistlers with seve ra l  bands of frequency 
missing i n  the  spectrum, a r e  f requent ly  observed in s ide  t h e  plasmapause 
(Appendix A.8). The spacings between bands a r e  uniform i n  any event ,  
but may d i f f e r  e r r a t i c a l l y  i n  c lose ly  spaced events .  This phenomenon is  
s t i l l  under inves t iga t ion .  
Another new phenomenon s t i l l  unexplained is  s t r i a t i o n s  observed i n  
frequency-time spec t r a  of OGO-4 d a t a  and produced by seve ra l  gaps i n  the  
spec t r a  of wh i s t l e r s  reaching the s a t e l l i t e  from below. The frequency 
separa t ion  between successive gaps is  not  uniform i n  a given event ,  but 
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success ive  wh i s t l e r s  e x h i b i t  gaps a t  f requencies  which vary smoothly 
w i t h  s a t e l l i t e  pos i t i on .  On occasion s i m i l a r  pa t t e rns  of s t r i a t i o n  a r e  
r e p e a t e d  i n  success ive  o r b i t s .  Some frequency-time spec t r a  have shown 
s t r i a t i o n s  c ross ing  s i g n a l s  from Omega t r ansmi t t e r ,  where a deep fading 
was then observed. The s t r i a t i o n s  and the  deep fading of man-made s igna l s  
a r e  probably r e l a t e d  but not  y e t  explained.  Fur ther  s t u d i e s  of these  
phenomena a r e  underway. 
H .  IONOSPHERIC NOISE SURVEY 
A p a r t i a l  survey of the  low frequency no i se  observed i n  t h e  ionosphere 
has been ca r r i ed  ou t ,  w i t h  s p e c i a l  a t t e n t i o n  t o  h i s s  i n  the  ELF band of 
OGO 4.  Some r e s u l t s  of t h i s  survey per ta in ing  t o  the  cu to f f s  of t he  h i s s  
bands a r e  summarized i n  Appendix A.13. I t  was a l s o  found t h a t  the  
occurrence of t h e  h i ss  has a maximum between 09 and 13 LT and a minimum 
between 00 and 02 LT (Crys ta l ,  p r i v a t e  communication). F u r t h e r  survey 
i s  s t i l l  i n  progress .  
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V. APPENDIX A 
Appendix A contains  i l l u s t r a t e d  a b s t r a c t s  of research  top ic s  
(both published and unpublished resu l t s ) .  
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A . l  
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* 
A LATITUDINAL CUTOFF OF VLF SIGNALS I N  THE IONOSPHERE ( R .  L. Beyborne, 
R .  L. Smith and R .  A .  Hel l iwel l ,  J .  Geophys. R e s . ,  74, 2393, 1969.) - 
A l a t i t u d i n a l  cutoff  of s igna l s r ece ived  i n  OGO 2 from VLF t r ans -  
mitters is  found to occur near  60 inva r i an t  l a t i t u d e .  The cutoff  may 
be as severe a s  40 db wi th in  a l a t i t u d e  change of 2 . Two of the  
0 
0 
suggested causes of t h e  a t t enua t ion  a r e  increased absorpt ion a t  high 
l a t i t u d e s ,  or r e f l e c t i o n  of t ransmit ted s i g n a l s  a t  t h e  plasmapause. A 
reg ion  of very in t ense  noise  ( au ro ra l  h i s s )  occurs a t  higher l a t i t u d e s .  
Sometimes t h e  s i g n a l s  from the  t r a n s m i t t e r s  a r e  observed t o  r e t u r n  a t  
higher l a t i t u d e s  a f t e r  the  noise  has decreased. 
Figure 1. A l a t i t u d i n a l  cutoff  of W s i g n a l s o b s e r v e d  by OGO 2 i n  the  
hemisphere of t h e  t r ansmi t t e r .  The s igna l s  a r e  q u i t e  s t rong  
a t  middle l a t i t u d e s  but decrease very r ap id ly  ( N 2 db per  
ki lometer)  a t  an inva r i an t  l a t i t u d e  near 60 . The lo s s  of 
s i g n a l  is followed by a very l a rge  increase  i n  no i se  which 
reaches a maximum a t  a u r o r a l  l a t i t u d e s ,  then decreases ,  
followed i n  some cases by a r e t u r n  of t he  VLF s i g n a l .  These 
observat ions suggest t h a t  t h e  s i g n a l  l o s s  is  probably 
connected with the  plasmapause, but t h a t  the lo s s  mechanism 
is  located below t h e  s a t e l l i t e .  
0 
* 
Also PhD Disse r t a t ion ,  R .  L .  Heyborne, November 1966. 
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SIMULTANEOUS OGO-2 OBSERVATIONS OF THE LIGHT-ION TROUGH AND THE 
VLF CUTOFF ( H e  A .  Taylor,  Jr., H. C .  Brinton, D .  L.  Carpenter,  
F,  M .  Bonner and R .  L. Heyborne, J. Geophys Res., 74, 3517 1969 - 
Many wave and p a r t i c l e  phenomena appear t o  be influenced by the  
plasmapause and the  l a r g e  assoc ia ted  dens i ty  g rad ien t s .  I t  has there-  
f o r e  been of i n t e r e s t  t o  compare s a t e l l i t e  VLF da t a  with simultaneous 
ion  mass spectrometer da t a  so  a s  t o  ob ta in  more physical  d e t a i l s  of t h e  
plasmapause c ros s ing .  Simultaneous observat ions of pos i t i ve  ion composi- 
t i o n ,  VLF e a r t h - t o - s a t e l l i t e  t ransmissions,  and wh i s t l e r s  were obtained 
f r o m  t he  OGO-2 s a t e l l i t e  during October 1965 i n  a po lar  dawn-dusk o r b i t .  
In  two case s t u d i e s  the re  was a rap id  l a t i t u d i n a l  decrease i n  concentrat ion 
of t h e  l i g h t  ions  H' and He coincident  with abrupt  changes i n  VLF + 
and whi s t l e r  no i se  a c t i v i t y .  Both e f f e c t s  a r e  in t e rp re t ed  a s  low-al t i tude 
evidence of t h e  plasmapause. The change i n  average mass a t  t he  plasma- 
pause appears t o  be a wide spread phenomenon. I t  is reported i n  the  
present  case f o r  the  dawn s e c t o r ,  where the  w e l l  known mid-lat i tude 
trough i n  e l e c t r o n  dens i ty ,  a l s o  presumably assoc ia ted  w i t h  t h e  plasma- 
pause, i s  not  i n  evidence. 
Figure 2. OGO-2 plasmapause c ros s ing  da ta  f o r  October 22, 1965, showing 
t h e  v a r i a t i o n s  wi th  t i m e  ( t op )  and inva r i an t  l a t i t u d e  (bottom) 
of s a t e l l i t e  a l t i t u d e ,  mean ion mass ( M . ) $  ion concentrat ion 
( N i l ,  l i g h t  ion concent ra t ion  (H' and 
s t r e n g t h  (017.8 kHz). 
a t  A - 57 ( f o r  NAA, the  s o l i d  l i n e  ind ica t e s  i d e n t i f i a b l e  
Morse code, t he  dashed l i n e  the  preva i l ing  VLF no i se  l e v e l  
i n  a 50-Hz band a t  the NAA f requency) .  
he+),  and NAA f i e l d  
The plasmapause associated e f f e c t s  occur 
Figure 3. Broadband 060-2 VLF recordings of October 22, 1965, showing 
frequency 0-10 kHz versus  t i m e  and inva r i an t  l a t i t u d e  during 
t h e  ion  events  of Figure 2. The top  and middle panels show 
a cutoff  i n  wh i s t l e r  a c t i v i t y  and a noise  burs t  a t  A - 58 , 
near  the  pos i t i on  of t he  decrease i n  l i g h t  ions shown i n  
Figure 2.  Panel C shows f a i n t  au ro ra l  h i s s  a c t i v i t y  near  
A = T 7  
0 
0 
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Figure 3 
COMPARISON OF THE PLASMAPAUSE POSITION AS DETERMINED FROM OGO-2 
VLF DATA WITH A BARIUM CLOUD EXPERIMENT NEAR KIRUNA, SWEDEN ON 
APRIL 11, 1967. (D.  L. Carpenter and G.  Haerendel, research  i n  
progress  e ) 
In  Apr i l ,  1967 a series of barium cloud experiments was conducted 
a t  Kiruna by G. Haerendel and h i s  col leagues of the  Max-Planck I n s t i t u t e  
for E x t r a t e r r e s t r i a l  Physics.  By a f o r t u n a t e  coincidence, OGO-2 s p e c i a l  
purpose te lemetry was ava i l ab le  from Winkfield, England f o r  two passes ,  
one near Kiruna j u s t  p r i o r  t o  t h e  barium cloud r e l ease ,  and a second 
during the  experiment i t s e l f  but s l i g h t l y  t o  the  west. The d a t a  from 
Winkfield and from l a t e r  hours a t  Roman, North Carolina ind ica t e  t h a t  
on t h i s  magnetically q u i e t  day the  plasmapause was a t  an inva r i an t  
l a t i t u d e  s l i g h t l y  poleward of both the  r e l e a s e  point  of the  barium and 
the  wes tward  d r i f t  path of the cloud. Since the  l o c a l  time was near  
d u s k ,  t h e  westward d r i f t  of t he  cloud may possibly be in t e rp re t ed  as 
evidence of t h e  s t agna t ion  poin t  or region of extremely low plasma 
v e l o c i t i e s  i d e n t i f i e d  i n  the dusk s e c t o r  of t he  magnetosphere by whis t l e r  
techniques.  
- 24 - 
I D E N T I F I C A T I O N  FROM OGO-4 VLF DATA OF THE P O S I T I O N  OF THE PLASMA- 
PAUSE DURING THE HIGH-ALTITUDE SOLAR E C L I P S E  OF NOVEMBER 2 ,  1967 
I N  THE SOUTH ATLANTIC (D .  L. Carpenter and D. H. Liebenberg, 
research  i n  progress .  1 
The t i m e  of the  e c l i p s e  coincided w i t h  a period of increasing 
magnetic d i s turbance .  There i s  t e n t a t i v e  evidence t h a t  by e c l i p s e  
t i m e ,  t h e  plasmapause had already been displaced inward t o  an L value 
of 3 or l e s s ,  near  the region of the e c l i p s e  a c t i v i t y .  
. 25 - 
A .5 
_q. 
EQUATORIAL EROSION AND DEFOCUSING EFFECTS (R.  R.  Scarabucci,  
PhD Thesis ,  and J .  Geophys. R e s . ,  75, 69, 1970.) 
_. 
The i n t e n s i t y  of VLF waves shows marked reduct ions i n  t h e  v i c i n i t y  
of t h e  geomagnetic equator f o r  r e l a t i v e l y  l o w  a l t i t u d e  (POGO) sa te l l i t e  
observat ions.  Although t h e  e f f e c t  i s  seen both during n ight  and day, 
the  main f a c t o r s  of t he  explanat ion a r e  q u i t e  d i f f e r e n t .  Figure 4 shows 
a dynamic spectrum of wh i s t l e r s  observed during the  day i n  t h e  v i c i n i t y  
of t he  magnetic equator .  The most no t i ceab le  e f f e c t  i s  the  upper cutoff  
frequency a s  a func t ion  of geomagnetic l a t i t u d e ,  which is  p a r t i c u l a r l y  
sharp i n  the  present  case ,  s i n c e  the  g r e a t  major i ty  of t h e  l igh tn ing  
sources  a r e  i n  the  conjugate northern hemisphere. This daytime e f f e c t  
11 c a l l e d  "equa to r i a l  e ros ion ,  r e s u l t s  mostly from the  frequency dependence 
of a t t enua t ion  i n  the  lower ionospheric l a y e r s  and the  very rapid increase  
i n  a t t enua t ion  a s  l a t i t u d e  decreases .  Typical transmission c o e f f i c i e n t s  
a r e  shown i n  F igure  5 as  func t ions  of l a t i t u d e  and frequency. 
Figure 6 shows s i g n a l  i n t e n s i t i e s  from the  VLF t r ansmi t t e r  NAA a t  
17.8 kHz as  measured i n  the  v i c i n i t y  of t h e  equator a t  n igh t .  Because 
of t h e  marked reduct ion  i n  a t t enua t ion  i n  the  lower ionosphere a t  n ight  
t h e  explanat ion of the  night t ime i n t e n s i t y  must  be sought elsewhere. The  
major f a c t o r  has been shown t o  be ionospheric  defocusing. Figure 7 shows 
t h e  l a rge  spread i n  low l a t i t u d e  nighttime ray  paths  f o r  a s m a l l  range 
of input  rays .  This e f f e c t  i s  not  s i g n i f i c a n t  during the  day and is 
r e l a t e d  t o  the  r e l a t i v e l y  low v e r t i c a l  g rad ien t s  above t h e  0' - H* 
t r a n s i t i o n  he ight  i n  the  night t ime ionosphere. 
Figure 4.  Frequency-time s p e c t r a  of broadband VLF da t a  from OGO 4 showing 
a t y p i c a l  example of daytime "equator ia l  erosion." 
panel shows a po r t ion  of t he  upper record i n  expanded t i m e  s c a l e  
The bottom 
- 26 - 
where downgoing wh i s t l e r s  en te r ing  t h e  ionosphere i n  t h e  
conjugate hemisphere exh ib i t  a lati tude-dependent upper cu t -  
o f f .  The ho r i zon ta l  l i n e s  a r e  caused by in t e r f e rence  from 
the  odd harmonics of t he  spacec ra f t  dc converters  a t  2461 
kHz (heavy l i n e s )  and even harmonics from the  400 Hz power 
supply l i n e  (weak l i n e s )  which show up when the  ex te rna l  
l e v e l  is very low. 
Figure 5 .  To ta l  ionospheric  loss ( r e f l e c t i o n  p lus  absorpt ion)  as a 
func t ion  of magnetic l a t i t u d e  f o r  s eve ra l  f requencies .  
Figure 6 .  OGO-4 records showing t h e  NAA magnetic f i e l d  amplitude a s  
measured by the  s a t e l l i t e  phase-tracking rece iver  i n  two 
consecut ive equa to r i a l  c ross ings .  The records present  t he  
night t ime 
s i g n a l  dropping below equipment threshold a t  about -100 dby. 
The r e l a t i v e  pos i t i on  of the magnetic equator is indicated 
by M.E. a t  about 0357 UT the  p a t t e r n  of NAA s i g n a l  changes 
t o  key-down mode, preceding the  major change from CW (0300- 
0400 UT) t o  FSK (0400-0500 UT) i n  t h e  mode of t ransmission.  
11 equa to r i a l  defocusing" with the  amplitude of the 
Figure 7 .  Typical night t ime ray t r a j e c t o r i e s  followed by waves of 17.8 
kHz near  t h e  magnetic equator .  The d i r ec t ions  of the  wave 
normal a r e  represented by s m a l l  arrows, showing t h a t  the  
e q u a t o r i a l  defocusing occurs when the  medium loses  the  
a b i l i t y  of e f f e c t i v e l y  bending down the  wave normal. This  
e f f e c t  i s  caused by a weak v e r t i c a l  g rad ien t  above t h e  t ran-  
s i t i o n  he ight  i n  the night t ime electron-densi ty  d i s t r i b u t i o n .  
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A -6  
OGO-4 EVIDENCE FOR A PRO-LONGITUDINAL (PL) MODE OF WHISTLER 
PROPAGATION J3ETWEEN CONJUGATE HEMISPHERES' (R 
J. J .  Angerami and R .  A .  Hel l iwel l ,  t o  be submitted t o  
J .  Geophys. R e s . )  
R .  Scarabucci 
OGO-4 worldwide amplitude measurements of s i g n a l s  from midla t i tude  
VLF s t a t i o n s  show two remarkable phenomena i n  the  conjugate hemisphere: 
an enhancement of t he  s i g n a l s  i n  the  reg ion  conjugate t o  the  t r ansmi t t e r  
( see  top  and bottom panels  of Figure 8 )  and an t 'erosiontr of t he  s igna l s  
toward higher  l a t i t u d e s  (Figure 10) .  A de t a i l ed  s t u d y  of t h e  ray 
t r a j e c t o r i e s  i n  r e a l i s t i c  models of the  magnetosphere (Figure 11) shows 
t h a t  s i g n a l s  r ad ia t ed  from midla t i tude  s t a t i o n s  reach t h e  conjugate 
hemisphere a f t e r  following t r a j e c t o r i e s  no t  aligned w i t h  the  geomagnetic 
f i e l d  l i n e s .  A s  shown by the  t r a j e c t o r y  labeled N # 0 i n  Figure 12, 
a t y p i c a l  ray t h a t  s t a r t s  a t  high l a t i t u d e s  t r a v e l s  inward, c rosses  the  
e 
equator a t  r e l a t i v e l y  low he ights  and follows a descending path toward 
high l a t i t u d e s  i n  the  conjugate hemisphere. T h i s  behaviqr leads t o  t h e  
pro- longi tudinal  (PL) mode of w h i s t l e r  propagation, charac te r ized  by 
wave normals which remain a t  a l l  times i n s i d e  a c h a r a c t e r i s t i c  cone 
r e l a t i v e  t o  t h e  geomagnetic f i e l d ,  producing t r a v e l  t i m e s  and downgoing 
wave normals t h a t  a r e  t y p i c a l  of purely longi tudina l  propagation along 
t h e  f i e l d  l i n e s .  The PL mode accounts f o r  t he  wave-field amplitudes 
observed i n  the conjugate region of VLF t r ansmi t t e r s ,  f o r  the  majori ty  
of w h i s t l e r s  observed by OGO-4 a t  mid t o  high l a t i t u d e s ,  and may a l s o  
provide an i n t e r p r e t a t i o n  f o r  c e r t a i n  wh i s t l e r s  received on the  ground. 
The  high l a t i t u d e  t terosiont '  of the  downcoming s igna l s  is explained by a 
l a t i t u d i n a l  cu tof f  t h a t  occurs f o r  t h e  PL mode. T h i s  cutoff  i s  caused 
by ion iza t ion  g rad ien t s  i n  the  plasmasphere and by s t e e p  gradien ts  a t  t he  
plasmapause e - 32 - 
* 
Also PhD D i s s e r t a t i o n ,  R .  R. Scarabucci,  October 1969. 
Figure 8. Amplitude of NAA s i g n a l s  a t  17.8 kHz measured by the  phase 
t racking  rece iver  of OGO 4 ( d i g i t a l  d a t a ) .  The top  and 
bottom panels i l lust rate  the  enhancement of s i g n a l  s t r eng th  
i n  t h e  region conjugate t o  the  t r ansmi t t e r .  The correspond- 
ing s a t e l l i t e  t r a j e c t o r i e s  a r e  shown i n  Figure 9.  The phase 
t racking  r ece ives  measures amplitude i n  a sharp-edged band- 
width of +25 Hz t h a t  a t t enua te s  30 db a t  3.50 Hz from the  
cen te r  frequency 
Figure 9. OGO-4 t r a j e c t o r i e s  f o r  Figure 8. ' Two c i r c l e s ,  d i s t a n t  10 
and 20 degrees from the t r ansmi t t e r ,  a r e  shown around NAA. 
The corresponding conjugate regions a r e  shown i n  the  southern 
hemisphere enc i r c l ing  the  NAA conjugate ,  C.  
Figure 10 Continuous OGO-4 record i l l u s t r a t i n g  a h igh- la t i tude  "erosion" 
over E3yrd S ta t ion ,  Antarc t ica .  The 0-12.5 kHz spectrum shows 
one-hop whi s t l e r s  exh ib i t i ng  decreasing upper c u t o f f s . a s  t he  
l a t i t u d e  i s  increased (toward beginning of top panel ) .  A t  
s l i g h t l y  lower l a t i t u d e s  (second panel)  there  i s  a rapid 
change i n  the  amplitude of s i g n a l s  from NAA, measured by 
the  band 3 r ece ive r  and shown by the  voltage-controlled 
o s c i l l a t o r  (VCO) (upper t r a c e )  
Figure 11. Electron dens i ty  a t  1000 km as  a func t ion  of d ipo le  l a t i t u d e  
f o r  t he  model magnetosphere used i n  t h e  ca l cu la t ions .  The 
r a t i o  of maximum t o  minimum d e n s i t i e s  i s  cons i s t en t  w i t h  
n ight t ime measurements by Alouet te  1. The d i s t r i b u t i o n  
along f i e l d  l i n e s  is assumed t o  follow a d i f f u s i v e  equilibrium 
with hydrogen s c a l e  he ight  a t  1000 km equal t o  850 km a t  the  
equator ,  and propor t iona l  t o  N (1000) a t  o the r  l a t i t u d e s .  
' F i g u r e  12. Ray paths  f o r  waves a t  17.8 kHz t o  i l l u s t r a t e  t he  behavior 
of t h e  pro- longi tudinal  (PL) mode. 
corresponding t o  t h e  i o n i z a t i o n  model of Figure 18, has 
smal l  angles between t h e  wave normals and the  geomagnetic 
f i e l d ,  resonably smal l  r e f r a c t i v e  ind ices  n, and i n t e r -  
hemisphere t r a v e l  t i m e  ( 7 )  not  exceeding 1 sec .  However, 
i n  t he  absence of r e l a t i v e l y  l a rge  l a t i t u d i n a l  g rad ien t s  
of dens i ty ,  the ray  t r a j e c t o r i e s  a r e  of the  walking t r a c e  
(WT) type (see i t e m  A.9) a s  i l l u s t r a t e d  by the ray  N = 0 .  
The PL ray  (N # 01, 
e 
- 33 - 
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OGO-4 AMPLITUDE MEASUREMENTS OF WAVE-FIELDS I N  THE V I C I N I T Y  OF A 
GROUND VLF TRANSMITTER (R, R.  Scarabucci,  PhD Dis se r t a t ion ,  Oct. 
1969 and t o  be submitted t o  J. Geophys. R e s . ,  1970). 
Equations determining the  ionospheric  wave amplitudes of VLF 
s i g n a l s  r ad ia t ed  by a ground-based v e r t i c a l  dipole  were der ived.  The 
de r iva t ion  accounts f o r  t h e  geometr ical  f a c t o r s  involved, t h e  transmission 
c o e f f i c i e n t  ca l cu la t ed  by a full-wave technique [Scarabucci, 1969a1, and 
t h e  focusing of rays  derived by t r a c i n g  r ays  i n  the  ionosphere [Walter, 
19691. 
The r e s u l t i n g  equat ions were used t o  p r e d i c t  t he  amplitudes of 
s i g n a l s  .from t h e  Fores t  Por t  (New York) Omega t r ansmi t t e r  a t  12.5 and 
12.6 kHz i n  the  nearby ionosphere. These ca lcu la ted  values were found 
t o  be i n  good agreement with a c t u a l  measurements made dn OGO 4,  although 
ca l cu la t ions  based on ray-absorption predicted amplitudes l a r g e r  than 
measured by 5 t o  10 db. 
References 
Scarabucci,  R.  R . ,  Analy t ica l  and numerical treatment of wave propagation 
i n  t h e  lower ionosphere,  PhD Dis se r t a t ion ,  Radioscience Lab., 
Stanford Elec t ronics  Labs e ,  Stanford Universi ty ,  Stanford,  Cal i f  
October 1969a 
W a l t e r ,  F a ,  Nonducted VLF propagation i n  t h e  magnetosphere, PhD Disser- 
t a t i o n ,  Radioscience Lab., Stanford Elec t ronics  Labs., Stanford 
Universi ty ,  Stanford,  Cal i f  e ,  Oct. 1969. 
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A .8 
BANDED WHISTLERS ( E .  Paymar, research  i n  progress . )  
Recent observat ions of OGO-4 d a t a  a t  Stanford Universi ty  have 
d isc losed  a new type of wh i s t l e r  phenomenon. These w h i s t l e r s ,  genera l ly  
broadly d ispersed ,  possess a banded s t r u c t u r e  with one or more frequencies  
missing from the  spectrogram. 
Figure 13 shows an unusually f i n e l y  s t ruc tured  example of t h i s  
phenomenon obtained on pass over Ororal ,  Aus t ra l ia  (ACT) on 3 October 
1967. The spacing between zeroes  i n  amplitude occurs a t  odd half  mul t ip les  
of 810 Hz, a value considerably higher  than the  predicted l o c a l  proton 
gyrofrequency of 719 Hz. 
The d a t a  i n  Figure 14, obtained on a pass over ACT on 30 May 1968, 
show s e v e r a l  examples ( labe led  A through E)  of banded wh i s t l e r s  (BW). 
According t o  t h e  ephemeris, proton gyrofrequencies range from 693 Hz 
a t  the  BW "A" up t o  728 Hz a t  t he  BW "E". 
appears t o  be the  r u l e  here .  
from 430 Hz t o  1000 Hz. Also, l i t t l e  c o r r e l a t i o n  seems t o  e x i s t  from 
one BW t o  t he  next .  
18 seconds l a t e r  "C" a r e l a t i v e l y  uniform spacing averaging approximately 
1300 Nz occurs .  Close inspec t ion  shows t h a t  banding a f f e c t s  approximately 
half  of t he  one-hop w h i s t l e r s  on t h i s  record. 
Nonuniformity i n  spacing 
In  BW "E" f o r  ins tance  the  spacing ranges 
In "B" the  spacing ranges from 300 t o  500 Hz while 
W e  have observed BW on OGO-4 d a t a  a t  s eve ra l  s t a t i o n s  around the  
world. However, t h e  e f f e c t  occurs most prominently over ACT. A d a t a  
sample cons i s t ing  of the l a s t  few passes over ACT each month from August 
1967 through Ju ly  1968 produced the  following r e s u l t s :  BW occurred on 
24 o u t  of 33 nighttime passes  but only on 9 out  of 26 dayl ight  passes;  
the  very bes t  examples have occurred only a t  n igh t ;  and the BW phenomenon 
- 40 - 
appears r e s t r i c t e d  t o  geomagnetic l a t i t u d e s  between the high twenties 
and the  low f i f t i e s .  The presence of t h e  plasmapause may explain the  
upper cu tof f  s i n c e  t h e  Bw of t en  occur r i g h t  up t o  the  knee. 
Figure 13. 
Figure 14. 
Example of a banded wh i s t l e r  (EW) showing an unusually 
uniformly banded s t r u c t u r e .  The n u l l s  occur a t  odd half 
mul t ip les  of 810 Hz .  The ephemeris i n d i c a t e s  a proton 
gyrofrequency of 719 Hz and an inva r i an t  l a t i t u d e  
a t  t h e  s a t e l l i t e .  The l o c a l  t i m e  i s  a few minutes a f t e r  
midnight. 
A = 51° 
Pass showing many examples of BW. Some of the  bes t  a r e  
labeled "A" through "E". No d i sce rn ib l e  p a t t e r n  f o r  the  
phenomenon has y e t  emerged since t h e  e f f e c t  appears i n  a 
highly random manner a 
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NONDUCTED MODE OF VLF PROPAGATION BETWEEN CONJUGATE HEMISPHERES; 
OBSERVATIONS ON OGO'S 2 AND 4 OF THE 'WALKING-TRACE' WHISTLER 
AND OF DOPPLER SHIFTS I N  FIXED FREQUENCY TRANSMISSIONSy (F. Walter, 
PhD Dis se r t a t ion ,  October 1969; F. Walter, J. J .  Angerami, 
J .  Geophys. Res.$ 74, 6352, 1969.) 
Evidence f o r  nonducted whistler-mode propagation i n  the  conjugate 
-
ionosphere has been found i n  broadband records from O W  2 and OGO 4.  In  
n a t u r a l  whis t le rs  t h i s  propagation manifests  i t s e l f  a s  the  'walking-trace'  
(WT) w h i s t l e r ,  examples of which a r e  shown i n  Figure 15 (see capt ion below). 
The following f e a t u r e s  cha rac t e r i ze  WT whi s t l e r s :  1) WT whi s t l e r s  a r e  
r i s i n g  tones ;  2)  they have not  been observed on the  ground; 3)  i n  
s a t e l l i t e s ,  they a re  only observed within a few degrees of 5 1  inva r i an t  
l a t i t u d e ;  4)  t h e i r  t r a v e l  t imes increase  r ap id ly  with l a t i t u d e ,  so t h a t  
on frequency-time spec t r a  a succession of WT whi s t l e r s  appears t o  "walk 
through'  o the r  wh i s t l e r s  produced by the  same sequence of l i gh tn ing  
sources  and having unchanged d i spe r s ions ;  5)  they have a lower cutoff  a t  
a near ly  cons tan t  frequency, equal  t o  the  maximum value of t he  lower 
hybrid resonance frequency above the  s a t e l l i t e ;  6)  WT whi s t l e r s  e x h i b i t  
an upper cutoff  t h a t  decreases  with l a t i t u d e .  Two e f f e c t s  not detected i n  
n a t u r a l  w h i s t l e r s  but e a s i l y  seen i n  nonducted s igna l s  from f ixed  frequency 
V U  t r ansmi t t e r s  a r e  doppler s h i f t s  (up t o  hundreds of Hertz) and enhance- 
ments of s i g n a l  strength caused by focusing.  These e f f e c t s  a r e  i l l u s t r a t e d  
i n  Figure 16. 
0 
A l l  of the  above f e a t u r e s  have been explained by ray  t r ac ing  i n  a model 
magnetosphere t h a t  includes moderate l a t i t u d i n a l  grad ien ts  of i on iza t ion  
(Figure 17) .  Figure 18 i l l u s t r a t e s  t yp ica l  r a y  paths ca lcu la ted  for a 
wave frequency of 10 kHz. The t r a v e l  times ca lcu la ted  by ray t r ac ing  
a r e  compared t o  observat ions i n  Figure 19. The ray  t r ac ings  i n  
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most cases  a r e  q u i t e  s e n s i t i v e  t o  the  d e t a i l s  of the  model magnetosphere, 
and the re  a r e  now evident  a v a r i e t y  of d i agnos t i c  appl ica t ions  f o r  these  
new types of s i g n a l s .  
Figure 15. Frequency-time spectrum of broadband da ta  from 060 4 showing 
11 t w o  independent, c lo se ly  spaced examples of the  walking 
trace" (WT) wh i s t l e r .  The component 1 is 'produced by 
near ly  longi tudina l  propagation (ei ther-along a duct located 
near  54O inva r i an t  l a t i t u d e  o r  i n  the  pro- longi tudinal  mode-- 
see i t e m  B.6.) The component WT, w i t h  completely d i f f e r e n t  
d i spe r s ion  c h a r a c t e r i s t i c s ,  is produced by nonducted propa- 
ga t ion  a t  l a rge  wave normal angles ,  of energy from the  same 
l igh tn ing  f l a s h  (shown as  0,). 
Figure 16. Frequency-time spectrum of broadband da ta  from OGO 4 near 
Johannesburg, South Afr ica ,  showing doppler s h i f t  and focusing 
e f f e c t s  i n  nonducted s igna l s  from the  Omega fixed-frequency 
VLF t r a n s m i t t e r  i n  Aldra, Norway. The d a s h  shown above t h e  
record between 0 and 1.1 sec  represents  a p u l s e  a t  11-1/3 
kHz t ransmit ted by Omega. T h i s  pulse  i s  received twice a t  
the s a t e l l i t e ,  corresponding t o  two d i s t i n c t  modes of propa- 
ga t ion .  The f i r s t  s i g n a l  received,  seen a t  11-1/3 kHz 
between 0.7 and 1.8 s e c ,  propagates i n  the  pro- longi tudinal  
(PL) mode (see item A.6). The second s i g n a l ,  observed 
between 1.7 and 3.0 sec ,  propagates i n  the  WT mode. A s  
p red ic ted ,  it i s  much s t ronge r  and exh ib i t s  a negat ive 
doppler s h i f t  (of about 100 Hz). 
Figure 17. The  heavy l i n e s  represent  the  e l ec t ron  dens i ty  d i s t r i b u t i o n  
model used i n  the c a l c u l a t i o n s .  A d i f f u s i v e  equi l ibr ium 
a t  3000 K was assumed along the  f i e l d  l i n e s .  0 
Figure 18. Typical ray  pa ths  ca l cu la t ed  f o r  wave packets a t  10 kHz 
s t a r t i n g  a t  d i f f e r e n t  l a t i t u d e s  i n  the  northern hemisphere. 
A d ipo le  f i e l d  l i n e  a t  L = 4 is  shown f o r  re ference .  
Arrows i n d i c a t e  the  wave normal d i r e c t i o n s  and t h e  values 
of t h e  r e f r a c t i v e  ind ices  p a r e  shown. 
Figure 19. Comparison of ca lcu la ted  (dots )  and observed ( l i n e s )  WT- 
w h i s t l e r  spec t r a  a t  three d i f f e r e n t  invar ian t  l a t i t u d e s .  
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OGO-4 OBSERVATIONS OF ARTIFICIALLY-STIMULATED EMISSIONS (ASE'S) 
BY SIGNALS FROM OMEGA VLF TRANSMITTERS (J. J .  Angerami, research 
i n  progress .  ) 
Art i f  i c ia l ly-s t imula ted  emissions (ASE's t r iggered  by s i g n a l s  
from the  Omega VLF t r ansmi t t e r s  have been observed a t  the  OGO-4 s a t e l l i t e  
i n  mid-lat i tudes.  Observations of ASE's were made both i n  t h e  hemisphere 
of t h e  t r ansmi t t e r s  (related t o  echoes of t he  o r i g i n a l  s i g n a l )  and i n  
the  conjugate reg ion ,  and inc lude  d i e c r e t e  emissions a d patches of 
d i f f u s e  noise .  
i n  t h e  evening, as  shown i n  Figures 20 and 21. 
r 




In  Figure 20 t h e  discrete ASE's assoc ia ted  wi th  Omega s igna l s  a t  
10.2 kHz resemble some ground observat ions of ASE's, but d i f f e r  from them 
i n  a t  l e a s t  one important r e spec t .  Although t h e  l a t t e r  were shown t o  
be t r iggered  by ducted s i g n a l s  a t  half  the minimum gyrofrequency along 
the  duc t  [Carpenter e t  a l ,  19691, the  s a t e l l i t e  ASE'S of Figure 20 a r e  
probably t r iggered  by nonducted s i g n a l s  having l a r g e  angles between the  
wave normal and the  geomagnetic f i e l d  . 
Measurements of delay t i m e s  between the  Omega s i g n a l s  t ransmit ted 
and t h e i r  r e p l i c a s  received a t  t h e  s a t e l l i t e ,  were made i n  seve ra l  
examples s i m i l a r  t o  those of Figures  20 and 21. The r e s u l t s  suggest 
t h a t  a t  l e a s t  t h ree  f ami l i e s  of paths  a r e  involved. Paths of only one 
fami ly ,  those present ing  t h e  l a r g e s t  t r a v e l  t i m e  (2.0-2.5 s e c ) ,  were 
connected with t r i gge r ing .  Such paths  a r e  probably of t he  'walking 
t r a c e '  type,  extending out  t o  a maximum L s h e l l  of - 3 - 5  and involve 
l a rge  angles between the  wave normals of the  parent  s i g n a l  and the  geo- 
magnetic f i e l d  [Walter, 1969; W a l t e r  and Angerami, 19691. 
Further  s t u d i e s  of t h i s  and r e l a t ed  phenomena a r e  i n  progress .  
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Figure 20. Frequency-time spectrum of VLF waves received by OGO 4 i n  the  < .* 
morning near  Johannesburg, South Afr ica .  In  t h i s  i l l u s t r a t t o n  
Omega t r igge r ing  a t  10.2 kHz is more common than a t  11-1/3 
kHz. Discre te  emissions r e l a t e d  t o  wh i s t l e r s  a s  w e l l  a s  
continuous forms of emission a r e  seen throughout the  records.  
Figure 21. Spectrum of VLF waves r e c e i v e d  by OGO 4 i n  t h e  la te  a f t e r -  
noon near  Johannesburg, South Afr ica .  The received Omega 
s i g n a l s  a t  10.2 K H z ,  a r e  longer than 2 seconds, i nd ica t ing  
the  presence of a t  l e a s t  3 magnetospheric paths  f o r  each 
s a t e l l i t e  pos i t i on ,  s ince  the  t ransmit ted s i g n a l s  a r e  0.9- 
s ec  long. Only t h e  path with longest  delay s t imula tes  
emissions.  Towards lower l a t i t u d e s  t h e r e  is  evidence of 
echoing of t h e  o r i g i n a l  s i g n a l  a t  10.2 kHz. 
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I O N  CUTOFF WHISTLERS (J. L. R .  Muzzio, J. Geophys. Res., 73, 7526, 
1968. ) 
-
Broadband VLF recept ions  on OGO 2 and OGO 4 show evidence of t h e  
ref lect ion of downward propagating wh i s t l e r  energy near  the  region 
where wave frequency equals  a n a t u r a l  propagation cutoff  of t he  medium, 
namely t h e  f i rs t  two-ion cutoff  below the  proton gyrofrequency. The 
phenomenon is i l l u s t r a t e d  i n  Figure 22 on frequency-time spectrograms 
from two passes  of OGO 4.  The c h a r a c t e r i s t i c  f e a t u r e  of these  spec t r a  
i s  the  turn ing  up of the  t r a c e  around a minimum frequency which is  very 
near  but above t h e  l o c a l  two-ion cutoff  frequency mentioned above. For 
t h i s  reason the  name "ion cu to f f "  wh i s t l e r  was suggested.  The wh i s t l e r  
shape is  t h e  r e s u l t  of a r e f l e c t i o n  of the waves i n  the  ionosphere below 
the s a t e l l i t e ,  t h e  minimum frequency being r e f l e c t e d  a t  t he  vehic le  
he ight .  A l o c a l  es t imate  of the  r e l a t i v e  concentrat ion of H+ ions 
can be made from the r a t i o  of t h i s  minimum frequency t o  t h e  proton gyro- 
frequency a t  the  s a t e l l i t e .  
Figure 22. Spectrograms of i on  cu tof f  wh i s t l e r s  detected by OGO 4 over 
Aus t r a l i a  ( a  and b) and over Sant iago,  C h i l e  (c  and d ) .  
Examples a )  and b) show mul t ip le  events ,  i n  c o n t r a s t  
with t h e  i s o l a t e d  ones i n  c )  and d ) .  The arrows a t  the  
bottom of each spectrogram i n d i c a t e  the  probable t i m e  o r i g i n ,  
based on the  Eckersley law,  of t he  components indicated by 
t h e  arrowheads a t  t he  top .  
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1 PROTON WHISTLERS (J. L. R .  Muzzio, i n  prepara t ion . )  
Broadband VLF records of QGO-4 revealed f o r  the  f i r s t  t i m e  evidence 
of ion  cyc lo t ron  waves propagating downward along l i n e s  of e a r t h ' s  
magnetic f i e l d .  The observed events  can be recognized as  proton wh i s t l e r s  
t h a t  fol low a long-hop path and a r e  detected a f t e r  c ross ing  t h e  magnetic 
equator .  T h i s  type of propagation path i s  known i n  w h i s t l e r  terminology 
a s  1 (see Smith and Angerami C19681) and thus the  name 1 proton 
whis t le r"  is suggested.  Compared t o  regular  0' (zero p lus )  proton 
wh i s t l e r s  they e x h i b i t  a lower value of t he  frequency of i n f i n i t e  t r a v e l  
t i m e .  In add i t ion ,  when t h e s a t e l l i t e m o v e s  towards increasing magnetic 
l a t i t u d e s  t h i s  frequency decreases  even f u r t h e r ,  a f a c t  t h a t  can be 
appreciated i n  Figure 23. 
11 - - 
In the  e q u a t o r i a l  reg ion ,  where these  events  a r e  observed, the  
wave normals, which s t a r t  a t  the  base of the  ionosphere e s s e n t i a l l y  
v e r t i c a l ,  make w i t h  the magnetic f i e l d  vector  q u i t e  a l a rge  angle .  A s  
t h e  wave normal su r faces  a r e  open i n  the  range of t h e  proton wh i s t l e r s ,  
the end r e s u l t  i s  a s t rong  guiding of t h e  energy along the  f i e l d  l i n e s .  
On t he  o the r  hand, t h e  upper frequency l i m i t  for waves propagating i n  
t h i s  mode is  given by the  resonance condi t ion (p 4 a), which depends on 
t h e  angle  between wave normal and magnetic f i e l d  CStix, 19621. I t  va r i e s  
between the  proton gyrofrequency and the  t w o  i on  resonance frequency 
when t h e  above angle  v a r i e s  from 0 t o  90°. However i f  t h i s  angle i s  
less than about 7 5 O  the  l i m i t i n g  frequency is  usua l ly  c lose  t o  the  l o c a l  
proton gyrofrequency. Consequently if t h e  waves a r r i v e  from the  opposi te  
hemisphere along a ray  path t h a t  i s  p r a c t i c a l l y  f i e l d  
frequency l i m i t  w i l l  be c l o s e  t o  t h e  minimum value of 
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al igned,  t he  upper 
proton gyrofrequency 
along the  path,  ins tead  of t h e  l o c a l  value o t  the  vehic le .  This minimum 
occurs a t  t he  magnetic equator .  A s  t he  s a t e l l i t e  moves away from the  
magnetic equator the  1 proton wh i s t l e r s  w i l l  be a r r i v i n g  along 
increas ing  L-valued f i e l d  l i n e s ,  so t h e i r  l imi t ing  frequency w i l l  be 
decreasing e 
- 
By studying t h e  v a r i a t i o n  of the  angle  between wave normal and 
magnetic f i e l d  along the  propagation path i t  can be seen t h a t  t h i s  
angle  tends t o  increase  and approaches 90 a t  a l e v e l  corresponding t o  
t h e  2 ion resonance l e v e l  f o r  the  frequency considered. A t  t h i s  po in t  
t h e  wave-normal surf  ace c loses  and the  energy is r e f l e c t e d  and propagates 
back along e s s e n t i a l l y  the  same f i e l d  l i n e .  This property may f ind  a 
0 
very important and new app l i ca t ion  i n  the  cons t ruc t ion  of an ELF iono- 
spher ic  sounder. Waves i n  t h e  appropr ia te  frequency range would be 
launched by a s a t e l l i t e  borne t r ansmi t t e r ,  propagate along a f i e l d  l i n e  
and be r e f l e c t e d  i n  t h e  v i c i n i t y  of the 2 ion resonance l e v e l .  The 
r e f l e c t e d  s i g n a l  would be detected back a t  the  sa te l l i t e  and the  r e s u l t a n t  
ionogram" could be reduced t o  f ind  t h e  a l t i t u d e  of t he  r e f l e c t i o n  l e v e l .  11 
T h i s  knowledge can be very u s e f u l  t o  determine the  r e l a t i v e  composition 
of t h e  medium. I t  would a l s o  serve  a s  a sort of he l ium de tec to r  s ince  
t h e  presence or absence of helium ions producesa dramatic change i n  the  
2 ion  resonance l e v e l .  
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Figure 23. The t op  panel shows OGO-4 frequency-time spec t r a  during a 
southbound pass over Santiago. Approximate values of mag- 
n e t i c  l a t i t u d e  a r e  ind ica ted  along t h e  time a x i s .  A s  the  
vehic le  moves away from t he  magnetic equator the  1- proton 
w h i s t l e r s  e x h i b i t  a decrease i n  the  upper l imi t ing  frequency, 
which is c l o s e  t o  the  minimum proton gyrofrequency along the  
ray path.  Near 0735, r egu la r  upward propagating proton 
wh i s t l e r s  begin t o  appear.  Sect ions A and B of t he  spec t ro-  
gram a r e  shown expanded i n  the middle and lower l e f t ,  where 
ind iv idua l  events can be reso lved .  The approximate paths 
of t h e  d i f f e r e n t  events a r e  ind ica ted  i n  the  sketches a t  t he  
r i g h t  e 
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OGO-4 ELF NOISE CUTOFF BEHAVIOR (T. L. C rys t a l ,  research  i n  
progress  ) 
OGO-4 records from August 1967 - February 1968 show ELF noise  bands 
having r egu la r  cutoff  behavior.  These c u t o f f s  occur most commonly a t  
f requencies  near t h e  l o c a l  proton gyrofrequency fH+ and a r e  providing 
a b e t t e r  d e f i n i t i o n  of the  noise  c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  by d i s -  
t inguish ing  propagation e f f e c t s  from source e f f e c t s .  
can be i d e n t i f i e d :  fKi- Two gene ra l  types of ELF c u t o f f s  near  
e i t h e r  t he  noise  has a sharp lower cutoff  (LC type) or it  has an upper 
cu tof f  (UC t ype ) .  The cons i s t en t  c o r r e l a t i o n s  observed between the  
cu tof f  i n  the noise  and i n  d i s c r e t e  wh i s t l e r s  s t rongly  imply t h a t  both 
o f t e n  r e s u l t  from the  same propagation e f f e c t s .  The noise-cutoff 
desc r ip t ions  given below and the  following f i g u r e s  i l l u s t r a t e  the  connec- 
t i o n s  between the  noise  bands and whist lers ,  and show the  apparent ly  
complementary na tu re  of t h e  two cutof f  types.  
L o w e r  c u t o f f .  T h i s  no ise  cu tof f  (Figure 24a and b) is by f a r  the  
most common type seen i n  t h e  OGO-4 ELF da ta .  The  lower edge is  usua l ly  
a t  or s l i g h t l y  below fH+; the  upper edge va r i e s  g r e a t l y  and is  a s  y e t  
without good d e f i n i t i o n .  I t  occurs both with emissive noise  (chorus) 
and wi th  unstructured noise  ( h i s s ) .  I t  appears most f requent ly  and 
in t ense ly  on t h e  dayside and a t  higher  l a t i t u d e s ,  but has a l s o  been 
found i n  records extending i n t o  t h e  e a r l y  n ight .  The occurrence of the  
IC noise  with chorus,  i t s  d i sa s soc ia t ion  from proton wh i s t l e r s  and UC 
no i se ,  and the  behavior of concurrent dispersed whis t le rs .  ( s ee  Figure 25b) 
a l l  i n d i c a t e  t h a t  the LC-type no i se  propagates downwards a t  the  OGO-4 o r b i t ,  
Upper c u t o f f .  Noise present ing  t h i s  type of cutoff  tends s t rongly  
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* ?  G ,d,, 
to  occur w i t h  proton wh i s t l e r s  (Figure 24c and d )  and i s  found modtly 
i n  the  l a t e  n igh t  t o  morning s e c t o r ,  a t  e q u a t o r i a l  and low l a t i t u d e s .  
The upper edge i s  c o n s i s t e n t l y  a t  
but i s  more o f t e n  d i f f u s e ,  and so f a r  has not  been w e l l  a ssoc ia ted  w i t h  
fH+; t he  lower edge can be sharp 
a c r i t i c a l  frequency of propagation i n  the ambient plasma. The noise  
i n t e n s i t y  seems t o  be inverse ly  r e l a t e d  t o  t h e  a b i l i t y  of upgoing s f e r i c ' s  
t o  couple and genera te  e l e c t r o n  wh i s t l e r s  a t  f requencies  j u s t  abov'e 
( see  Figure 24d). The connection with proton wh i s t l e r s  implies t h a t  
t h i s  no ise  is  a l s o  an upgoing s i g n a l  showing r e l a t e d  cutoff  behavior. 
fH+ 
The number of complicated cutoff  types and the  t r a n s i t i o n a l  
records (e.g. ,  Figure 25) suggest  t h a t  an explanation of t he  noisqs 
involving only the  simple d i s t i n c t i o n  between upgoing and downgoing 
s i g n a l s  w i l l  not  s u f f i c e .  I t  is now f e l t  t h a t  t he  exact  behavior of 
t h e  c u t o f f s  can thus be described only through f u r t h e r  ray t rac ing .  
Figure 24. OGO-4 records of ELF noise  bands. (The arrows &t e i t h e r  
s i d e  ind ica t e  fH+,  t he  proton gyrofrequency.) ( a )  IC-type 
cutoff  occurr ing with h i s s .  (b)  LC-type cu tof f  with chorus.  
( c )  UC no i se  showing a d e f i n i t e  r e l a t i o n  t o  t h e  proton 
wh i s t l e r s  c h a r a c t e r i s t i c s ;  no te  the  poor coupling a b i l i t y  of 
t h e  proton w h i s t l e r  s f e r i c s  a t  f > f . (d)  Less  defined 
UC noise,  again wi th  proton whist lersy+note  t h a t  where 
s f e r i c s  couple readi ly(on  t h e  r i g h t )  the  no i se  i s  not  as  
d e f i n i t e  a s  where coupling i s  more d i f f i c u l t  (on the  l e f t ) .  
Figure 25. Examples of t r a n s i t i o n a l  and anomalous ELF noise bands. ( a )  
Narrowband UC noise  changing i n  l a t i t u d e  t o  LC noise ;  t he  
c l a r i t y  of proton wh i s t l e r  f ades  as  the UC no i se  narrows, 
u n t i l  both terminate  j u s t  as the  Lx: noise  appears.  (b) 
Narrowband UC type  changing t o  Lc type; t h e  behavior of d i s -  
persed ( i  .e.,  downgoing) and undispersed ( i  .e., upgoing) 
w h i s t l e r s  r e l a t i v e  t o  the  no i se  cu tof f  suggests  t h a t  $he 
no i se  is a l s o  downgoing. ( c )  The h i s s  band above 750 Hz i s  
apparent ly  of t h e  Lx: type except t h a t  the  lower edge i s  
c l e a r l y  g r e a t e r  than f ( a s  shown by concurrent proton 
w h i s t l e r s )  and hence noqexpla ined;  no te  t h e  appearance of 
d e f i n i t e  UC no i se  a t  lower l a t i t u d e s .  (d)  Band of h i s s  
changing from LC t o  UC type a t  lower l a t i t u d e s .  
- 62 - 
.... . 





(WNK) 20 SEP 67 h e  580 km I442 1443 I UT 
C 
fH+ 
0- - 1  2.4 
L. I L 1.8 
(WNK) 13 OCT 67 he870 km 1379 13pO UT 
I 250- .- .. . , . . . . -. ,. . . _. -. . . . . . .._. . . . ., .- . . . .. - . 
b 
0- 
L= 3.8 3.2 





2 .o L =  I .8 
d 
-- 
I .4 L= I .3  







(ROSI I I  FEB 68 hm870 km 
OGO 4 
0602 0603 06,04 UT ’ 
L =  I .7 I .8 2 0  2 3  W 
1817 UT l8,l5 1816 
I - -_ - - *  (WNK) 6AUG67 h-600km 1 I ._. -_  . ” . I 250- I . .^. I - -. - . _-. - 
U 
L= 1.8 2 .o t 1 2.3 2 7  




L= 2.0 I .8 I .6 
1855 UT 
d 
I .9 I .7 
Figure 25 
A. 14 -
EQUATORIAL EROSION OF ELF HISS (J.L.R. Muzzio, research i n  progress . )  
Recordings of OGO-4 h i s s  i n  t h e  equa to r i a l  region show an associated 
7 1  erosion" or upper frequency cutoff  which increases  q u i t e  rap id ly  w i t h  
magnetic l a t i t u d e .  The accompanying f i g u r e  is  a spectrogram of a t yp ica l  
example i n  which the  upper cutoff  v a r i e s  from approximately 400 t o  
800 Hz i n  one minute, corresponding t o  a range of approximately 3.5 degrees 
i n  l a t i t u d e .  The phenomenon i s  present  i n  p r a c t i c a l l y  a l l  records of 
t h e  h i s s  band and is seen on both s ides  of t h e  magnetic equator i n  an 
approximately symmetric fash ion .  The abruptness of t h e  cutoff  and i t s  
s lope  v a r i e s  somewhat w i t h  l o c a l  t i m e  but does not seem t o  have a d e f i n i t e  
connection with s a t e l l i t e  a l t i t u d e .  A study being conducted on the  
poss ib l e  causes of the cutoff  may g i v e  some indica t ions  about the  o r i g i n  
of the  h i s s .  
Figure 26. Spectrogram of a t y p i c a l  example of equa to r i a l  erosion of 
ELF h i s s .  The upper cutoff  va r i e s  from - 400 Hz t o  - 800 Hz 
i n  1 minute, which corresponds t o  a l a t i t u d e  range of 
approximately 3 . 5  degrees .  The lower cutoff is the  regular  
ion  cu tof f  e f f e c t .  Before -10 geomagnetic l a t i t u d e  the  
e ros ion  s w e  t of f  . a l l  f requencies  i n  the  noise  band and 
a f t e r  - -37 t he  s t a t i o n  l o s t  contac t  with the  s a t e l l i t e .  
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INTERPRETATION OF AURORAL HISS MEASURED ON OGO 2 AND AT BYRD 
STATION I N  TERMS OF INCOHERENT CERENKOV RADIATION (T. S a Jbrgensen, 
J. Geophys. Res., 73, 1055, 1968.) 
A theore t ica ' l  study was made of the  incoherent Cerenkov r ad ia t ion  
produced by low energy e l ec t rons  i n  t h e  h igh- la t i tude  magnetosphere and 
it  was found t h a t  t h e  ca lcu la ted  no i se  spectrum produced by the  Cerenkov 
process was comparable i n  magnitude and shape t o  the  observed VLF auroral  
h i s s  no i se  spectrums as de tec ted  a t  Byrd S t a t i o n  and from OGO 2.  From 
t h i s  agreement i t  was concluded t h a t  au ro ra l  h i s s  could indeed be 
generated by an incoherent Cerenkov process ,  a r e s u l t  i n  con t r a s t  t o  
e a r l i e r  work based on less r e a l i s t i c  models of t h e  region o f  generat ion.  
Figure 27. Theore t ica l  no ise  spectrum due t o  incoherent Cerenkov 
r a d i a t i o n  produced by low energy e l ec t rons  i n  t h e  high- 
l a t i t u d e  magnetosphere. 
10 kHz with an amplitude of 10- watts-m *Hz . 
The spfgtrum peak occu s a t  about -2 -1 
Figure 28. VLF auro ra l  h i s s  no i se  spectrum as  detected aboard W O  2 
i n  t h e  southern au ro ra l  regions.  The spectrum peak occurs 
a t  ?$out 10 kH w i t  an average amplitude of about 
10- watts-m .Hz e -5 -!i 






















Figure  28 
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CORRELATION BETWEEN VLF NOISE ACTIVITY OBSERVED FROM A JAVELIN 
ROCKET NEAR WALLOPS ISLAND AND FROM 060 4 AT 890 KM (J .  J .  Angerami 
and D.  Gurnett ,  research  i n  progress . )  
The magnetic and e l e c t r i c  VLF r ece ive r s  ca r r i ed  aboard the  Jave l in  
8.45 rocket  (launched from Wallops Is land a t  0738 UT, 21 September 1967) 
received a band of no i se  whose low cutoff  decreased towards apogee. 
The v a r i a t i o n  was a t t r i b u t e d  t o  an a l t i t u d e  e f f e c t ,  and t h e  noise  was 
I t  t e n t a t i v e l y  in t e rp re t ed  a s  the  LHR noise" reported by Brice and 
Smith CJGR, Jan.  19651, although a cons i s t en t  p i c t u r e  was not achieved 
[Shawhan and Gurnett ,  J G R ,  Sept .  19681. Furthermore, ana lys i s  of VLF 
d a t a  from OGO 4 has shown t h a t  t h e  "LHR noise" is  only rarely detected 
-
by magnetic antennas ( see  i t e m  no. 22 of t h i s  r e p o r t ) .  
OGO 4 passed over Wallops Island a t  0550 UT, making poss ib le  a 
c l o s e  c o r r e l a t i o n  with the  J a v e l i n  da t a .  Analysis of VLF broadband 
d a t a  from t h e  Stanford experiment on OGO 4 showed t h a t  t h e  Jave l in  
rocket crossed the  plasmapause, thus complicating the  in t e rp re t a t ion  of 
t h e  rocke t  d a t a  alone. The band of no ise  observed from the  rocket  was 
a l s o  de tec ted  from OGO 4 ,  and was found to  e x h i b i t  a lower cutoff  a t  
a frequency t h a t  changed r ap id ly  with L-value. The lower cu to f f s  measured 
a t  both Jave l in  and OGO 4 showed t h e  same L-shell  v a r i a t i o n s ,  with no 
apparent a l t i t u d e  e f f e c t .  T h i s  suggests t h a t  the  lower cutoff  v a r i a t i o n  
2s  r e l a t e d  t o  t h e  source of the  noise ,  and t h a t  the  genera t ion  region w a s  
above OGO 4 .  
The pos i t i on  of t h e  plasmapause determined from OGO 4 cor re la ted  
w e l l  wi th  the  mid-lat i tude electron-densi ty  trough detected almost 
simultaneously by Alouet te  2 (L.  Col in ,  p r i v a t e  communication). Correlat ion 
with Taylor ' s  d a t a  on l i g h t  ion  concentrat ion (experiment D-16 on OGO 4)  
is being attempted e - 70 - 
A.17 -
STATIONARY AURORAL HISS FORMS (T.  B e l l ,  t o  be submitted t o  
J. Geophys . R e s  .) 
A unique, temporally p e r s i s t e n t  type of VLF aurora l  h i s s  has been 
de tec ted  aboard t h e  OGO 2 and 4 s a t e l l i t e s .  This unusual type of h i s s  
is l i m i t e d  s p a t i a l l y  t o  the region of the  au ro ra l  ova l ,  i s  assoc ia ted  
with v i s u a l  a u r o r a l  forms and f i e l d  aligned i r r e g u l a r i t i e s ,  and provides 
a t o o l  f o r  t he  continuous mapping of the  pos i t i on  of t he  au ro ra l  oval 
by means of s a t e l l i t e  VLF observa t ions .  Differences between the  l o w  
frequency por t ions  of the  h i s s  forms received on magnetic and e l e c t r i c  
antennas i n d i c a t e  t h a t  high i n t e n s i t y  e l e c t r o s t a t i c  noise  is  present  
i n  t h e  h i s s ,  poss ib ly  due t o  a two-stream i n s t a b i l i t y  process involving 
p r e c i p i t a t i n g  e l e c t r o n s .  
Figure 29. 
Figure 30. 
P l o t  of d ipo le  l a t i t u d e  vs magnetic l o c a l  time showing the  
d i s t r i b u t i o n  of s t a t i o n a r y  au ro ra l  h i s s  forms detected 
aboard the  OGO-2 s a t e l l i t e  during t h e  months of October and 
November, 1965. The approximate pos i t i on  of t he  cen te r  of 
t h e  au ro ra l  ova l  i s  ind ica ted  by the  dashed l i n e .  T h i s  
f i g u r e  suggests  s t rong ly  t h a t  the  h i s s  forms a r e  l imited 
s p a t i a l l y  t o  the  reg ion  of t h e  au ro ra l  ova l .  
Frequency-time spec t r a  of t y p i c a l  s t a t i o n a r y  au ro ra l  h i s s  
forms as detected by a magnetic (loop) (upper panel)  and an 
e l e c t r i c  antenna (lower panel)  on OGO 2 and OGO 4 ,  res ec t ive ly .  
The OGO-4 ( e l e c t r i c  antenna) h i s s  form center  (near 69 
shows a predominance of no i se  a t  low frequency while the  
OGQ-2 (loop antenna) h i s s  form center  (near 1059 UT) shows 
a predominance of no i se  a t  high frequency. This d i f f e rence  
may be due t o  the  presence of low frequency e l e c t r o s t a t i c  
no ise  i n  the  h i s s  forms. 
8 
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DETECTION ON OGO 4 OF VARIOUS LOWER HYBRID RESONANCE (LHR) WAVE 
PHENOMENA; A COMPARISON OF RESULTS FRm ELECTRIC AND MAGNETIC 
SENSORS (J. Katsuf rak is ,  E. Paymar and J .  J .  Angerami, research  
i n  progress .  1 
The Stanford University/Stanford Research I n s t i t u t e  VLF experiment 
on OGO 4 provided f o r  monitoring of both electric and magnetic ac f i e l d s  
through switching between normal magnetic-loop opera t ion  and operat ion 
of the  loop a s  an unbalanced e l e c t r i c  antenna. Comparisons of t he  two 
modes of opera t ions  and comparisons between the  magnetic mode and r e s u l t s  
from the  Dartmouth Universi ty  e l e c t r i c  d ipo le  (experiment D-03) revealed 
t h a t  lower hybrid resonance (LHR) emissions a r e  observed almost exclusively 
by the  electric antenna. The LHR emissions are thus  in fer red  t o  be e l ec t ro -  
s t a t i c  i n  na tu re .  The comparisons of E and H-mode operat ion a l s o  
revealed pronounced e m  wave propagation e f f e c t s  a t  t h e  LHR frequency. 
These e f f e c t s  
Figure 31. 
Figure 32a, b. 
were observed by both the  e l e c t r i c  and magnetic sensors .  
VLF frequency-time s p e c t r a  from OGO 4 showing the  r e s u l t s  
of switching between e l e c t r i c  (E) and magnetic (H) 
antennas.  The top  record shows a mode switch (arrow) 
from E t o  H, wi th  a - 10-sec i n t e r v a l  of no d a t a  a t  
t he  t i m e  of switching. LHR emissions appear a t  t he  l e f t  
a s  a r i s i n g  no i se  band near  10 kHz, but a r e  not continued 
onto t h e  H-mode panel .  On t he  middle and bottom records,  
arrows i d e n t i f y  a mode switch from H t o  E mode, i nd ica t ing  
again t h e  confinement of LHR noise  t o  t h e  E mode. On t hese  
records t h e  LHR no i se  begins i n  the E mode near 7 or 
8 kHz and decreases  i n  frequency with t i m e .  
Comparison of Stanford VLF spec t r a  during a mode switch 
from E t o  H (Figure 32a) with simultaneous Dartmouth 
Universi ty  E-f ie ld  VLF s p e c t r a  (Figure 32b) ( a  por t ion  of 
t h i s  event is  i l l u s t r a t e d  i n  the  top panel of Figure 31). 
The top  and middle- lef t  panels  of t he  two f i g u r e s  show 
c lose  agreement between the  two E-field observat ions,  i n  
s p i t e  of a d i f f e rence  i n  experiment s e n s i t i v i t y .  The 
Dartmouth E record shows a cont inuat ion of t h e  LHR e f f e c t  
through and beyond the  t i m e  of the  mode switch (see arrows 
i n  middle pane l s ) ,  thus demonstrating t h a t  there was no  
s p a t i a l  or temporal terminat ion t o  the  LHR noise  a t  the  
t i m e  of the  mode switch.  
- 74 - 
Figure 33a,b.  Comparison of simultaneous VLF d a t a  from the  Stanford 
magnetic-field experiment (Figure 33a) and the  Dartmouth 
e l e c t r i c  f i e l d  sensor  (Figure 33b).  In  the  por t ions  of the  
t w o  records marked A and A '  (lower r i g h t ) ,  there  is  
in t ense  wh i s t l e r  a c t i v i t y  i n  the  upper p a r t  of t h e  spectrum. 
Due t o  the  compression of t h e  t i m e  s c a l e ,  these  'walking- 
t r a c e '  wh i s t l e r s  (described i n  i t e m  no. 16 of t h i s  r epor t )  
appear a s  a series of near ly  v e r t i c a l  l i n e s .  The wh i s t l e r s  
e x h i b i t  a r a t h e r  w e l l  defined lower cutoff  frequency near  
7 - 8 kHz. This cutoff  is in t e rp re t ed  as a propagation 
e f f e c t  assoc ia ted  with the  maximum value of the  lower 
hybrid resonance frequency above the  s a t e l l i t e  e The 
propagation e f f e c t  is evident  i n  both t h e  e l e c t r i c  and 
magnetic records.  (Differences i n  the  apparent l e v e l s  
of a c t i v i t y  on the  t w o  f i g u r e s  a r e  due  to  d i f f e rences  
between the  experiments i n  system s e n s i t i v i t y . )  
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LHR WHISTLERS (J. J . Angerami, research  i n  progress ) 
Broadband VLF da t a  from t h e  OGO-2 and OGO-4 s a t e l l i t e s  a t  mid-  
l a t i t u d e s  have on occasion shown descending tones which a r e  associated 
with a wh i s t l e r  or a group of wh i s t l e r s  and whose asymptotic frequency 
va r i e s  between 7 and 10 kHz. For reasons t h a t  w i l l  be apparent below 
these  tones have been ca l l ed  LHR w h i s t l e r s .  
Figure 34 shows a wel l  defined event ,  exhib i t ing  two d i s t i n c t  
LHR w h i s t l e r s  of d i f f e r e n t  s p e c t r a l  shape and r e l a t e d  t o  the  same 
l igh tn ing  source.  
LHR whis t l e r s  change s p e c t r a l  c h a r a c t e r i s t i c s  rap id ly  w i t h  l a t i t u d e .  
A preliminary study ind ica t e s  t h a t  the i r  explanat ion involves grad ien ts  
of i on iza t ion  across  L-shel ls ,  propagation with wave normals a t  l a rge  
angles w i t h  r e spec t  t o  the  geomagnetic f i e l d  and, consequently, s t rong  
dependence on the  lower hybrid resonance (LHR) frequency i n  the  v i c i n i t y  
of the s a t e l l i t e .  
Fur ther  s t u d i e s  of t h i s  phenomenon a r e ' i n  progress .  
Figure 34. Example of LHR w h i s t l e r s  observed a t  OGO 2 .  A s i n g l e  
l i gh tn ing  f l a s h  produced the  nose wh i s t l e r s  i n  the cen te r  
of the i l l u s t r a t i o n  and the  two LHR whi s t l e r s  asymptotic 
t o  a frequency of about 7 kHz. T h i s  spectrum a l s o  shows 
h i s s  below 4 kHz, a few s t rong  s h o r t  (upgoing) wh i s t l e r s  
during t h e  last  half  of t h e  i l l u s t r a t i o n ,  and the  i n v e r t e r  
l i n e  a t  2.461 kHz. The do t s  a t  the  bottom a r e  a t i m e  code. 
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BEHAVIOR OF AN UNBALANCED ELECTRIC ANTENNA ON OGO 4;  INTERFERENCE 
PHENOMENA I N  SUNLIGHT AND AT TERMINATOR CROSSINGS (J. Katsuf rak is ,  
E. Paymar and J. J.  Angerami, research  i n  progress , )  
I n  one of the  modes of operat ion of t he  Stanford University/Stanford 
Research I n s t i t u t e  VLF experiment on OGO 4,  the  loop antenna was connected 
a s  an unbalanced e l e c t r i c  sensor  (E-mode). In t h i s  mode the  operat ion 
of t he  rece iv ing  system was se r ious ly  degraded during condi t ions of 
s o l a r  i l lumina t ion .  The degradat ion i s  a t t r i b u t e d  t o  f i e l d s  r e l a t ed  t o  
the cu r ren t  from t h e  s o l a r  c e l l s ,  f i e l d s  s u f f i c i e n t l y  in tense  t o  mask most 
of the  n a t u r a l  s i g n a l s  t h a t  might otherwise be observed. The d r a s t i c  
na tu re  of the degradat ion is  i l l u s t r a t e d  a t  terminator  c ross ings ,  during 
which d i s t i n c t i v e  va r i a t ions  i n  the  VLF spec t r a  occur and t h e r e  i s  an 
abrupt t r a n s i t i o n  from or t o  a r e l a t i v e l y  normal mode of operat ion i n  e c l i p s e .  
Figure 35. VLF frequency-time E-mode records of 060-4 terminator crossings 
during s e v e r a l  days i n  September 1967. In  each case the  
te lemetry s t a t i o n  is i n  the  northern hemisphere and the  
s a t e l l i t e  i s  moving from the  polar  region equatorward i n t o  
e c l i p s e .  The terminator  c ross ings  a r e  aligned t o  show the  
apparent r e p e a t a b i l i t y  of t he  d e t a i l s  t h a t  occur during an 
approximately ten-second i n t e r v a l  p r i o r  t o  the  beginning of 
'normal' behavior i n  the E mode. 
Figure 36. Corre la t ion  of the d e t a i l s  of an E-mode terminator  crossing 
w i t h  engineering d a t a  from the  s a t e l l i t e .  The bottom panel 
shows a t  the  l e f t  the  in tense  i n t e r f e r i n g  noise  i n  t h e  E 
mode i n  the  h igh- la t i tude  s u n l i t  reg ion .  One i n t e r f e r i n g  
noise  band is  p a r t i c u l a r l y  s t rong  a t  about t he  1 Wiz l e v e l .  
A t  about 0859:31 t h e r e  i s  a sudden enhancement of t h i s  l i n e  
and a gradual  r ise i n  i t s  frequency w i t h  t i m e .  The space- 
c r a f t  i n v e r t e r  l i n e s  ( a t  mul t ip les  of 2461 Hz)  d isappear  as  
t he  in t ense  noise  apparently captures  the  log compressor 
r ece ive r .  The  cur ren t  from ar ray  2 ( four th  curve from top)  
is  nea r ly  a t  i ts  minimum a t  t h e  very beginning of the  
t r a n s i t i o n  a t  0859:28 UT, peaks a t  the  more apparent change 
i n  t h e  spectrum a t  0 8 5 9 ~ 3 1  UT,  and is zero a t  the s t a r t  of 
the  "free-running" por t ion  a t  0859:41 UT, near t h e  end of 
t h e  t r a n s i t i o n .  Throughout t h i s  t i m e  the  load bus vol tage 
(curve a t  the bottom) i s  e s s e n t i a l l y  cons tan t .  In  a l l  of 
t h e  cases  thus f a r  examined, the c o r r e l a t i o n  of the  VLF spec t r a  
with the  engineering d a t a  was e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  
shown i n  t h i s  f i gu re .  
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Figure 37. OGO-4 W records showing the  expected geographic cont ro l  of 
t he  terminator-crossing e f f e c t .  Six passes from a 3-day 
i n t e r v a l  (Fairbanks,  Alaska) a re  i l l u s t r a t e d .  The top panel 
shows frequency versus  time and inva r i an t  l a t i t u d e  i n i t h e  
magnetic (H) mode. N o  w e l l  defined e f f e c t  is observe@ a t  
t h e  time of terminator  c ross ing  (arrow i n  lower margin near 
0939). The o the r  f i v e  panels show E-mode behavior. The 
inva r i an t  l a t i t u d e  coverage va r i e s  only s l i g h t l y  f r o d  case 
t o  case, and a l l  a r e  aligned w i t h  respec t  t o  A = 69 
( V I S  i n  upper margins).  
i d e n t i f y  70 N geographic l a t i t u d e ,  and the terminator- 
c ross ing  e f f e c t  cons i s t en t ly  appears a t  t h i s  point  oh the  
records .  Note i n  the  3 r d ,  4 th  and 5 t h  panels  the  repeated 
appearance of a s t a t i o n a r y  h i s s  form near 69' , which is  
not  observed i n  the  6 th  panel because the  expected region 
of appearance (69 ) is  s u n l i t .  The  r e p e a t a b i l i t y  of these  
forms is descr ibed i n  item no. 12 of t h i s  r epor t .  1 
0 
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F i g u r e  37 
A.21 -
VLF INTERFERENCE PHENOMENA DETECTED NEAR THE MAGNETIC EQUATOR BY 
AN UNBALANCED ELECTRIC ANTENNA ON 060 4 (E. Paymar, J .  Kaisufrakis  
and J .  J. Angerami, research  i n  progress . )  
Broadband VLF records from t h e  Stanford experiment on OGO 4 
e x h i b i t  a p a t t e r n  of i n t e r se rence  a t  equa to r i a l  l a t i t u d e s  t h a t  resembles 
a pseudo-periodic emission. The noises  a r e  observed only when the  
experiment is i n  the  e l e c t r i c - f i e l d  (E) mode. The period observed i s  
9.215 seconds, which corresponds t o  a harmonic of the  bas ic  timing 
frequency and t o  the  medium (16 kb/s) telemetry b i t  r a t e  of t he  
spacec ra f t .  However, t h e  period remains unchanged when the  b i t  r a t e  is 
changed. I t  i s  in fe r r ed  t h a t  one of t he  experiments or another s a t e l l i t e  
subsystem is  respons ib le  f o r  the  in t e r f e rence .  
Figure 38. OGO-4 frequency-time records i l l u s t r a t i n g  pseudo-periodic 
emissions de tec ted  near  t h e  magnetic equator .  The emissions,  
evident  on the  2nd and 3 r d  panels ,  exh ib i t  changes i n  frequency 
and shape w i t h  t i m e ,  the  midfrequency reaching a minimum 
near  the  magnetic equator .  
( c f . ,  3rd panel)  i s  a narrow band emission t h a t  rises from 
a minimum frequency of 3 kHz near the  magnetic equator .  
This emission was observed on two o the r  e q u a t o r i a l  passes,  
and l i k e  the  pseudo-periodic emissions,  appears a t t r i b u t a b l e  
t o  an a s  y e t  unknown source on the  spacec ra f t .  
Also evident i n  the  f i g u r e  




Figure  38 
V I .  APPENDIX B 
Included i n  Appendix B a r e  the following i l l u s t r a t i o n s :  a block 
diagram of t h e  experiment package and c a l i b r a t i o n  curves of t he  
r ece ive r s .  
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O G O  EXPERIMENT 5002 Figure 39. Block diagram of EXP C 02 flown on OGO 2. EXP D 02 (OGO 4) 
LOCK DlAGR i s  s imi l a r  but i n c l u d e s  i n  addi t ion  an ELF (15-300 Hz) 
r ece ive r  and t h e  p o s s i b i l i t y  t o  connect t h e  antenna a s  an 
e l e c t r i c  sensor .  
1 .  
Figure 40. OGO 2 and OGO 4 r e l a t i v e  frequency response of magnetic 
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Figure 41. OGO 2 and OGO 4 c a l i b r a t i o n  of Band 1 rece iver  i n  magnetic 
mode a t  1 kHz. 
f requencies  
U s e  Figure 40 for c a l i b r a t i o n  a t  o the r  
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Figure 42. 060 2 and 060 4 c a l i b r a t i o n  of Band 2 rece iver  i n  magnetic 
mode a t  10 kHz. 
f reauencies 








































Figure 43. OGO 2 and OGO 4 , c a l i b r a t i o n  of Band 3 r ece ive r  i n  magnetic 
mode a t  50 kHz. 
frequencies a 
U s e  Figure 40 for c a l i b r a t i o n  a t  o the r  
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Figure 44. OGO 2 and OGO 4 amplitude c a l i b r a t i o n  of t he  phase-tracki 
rece iver  a t  20 kHz in’magnetic mode. U s e  Figure 40 for 
c a l i b r a t i o n  a t  o ther  frequenLie.5. 
corresponds t o  1 v o l t  e )  
0 . ( In  phase channel 360 
<?  -
. I_ 








































FTgure 46. OGQ 4 c a l i b r a t i o n  of Band 1 rece iver  i n  electric mode a t  
1 .5  kHz. U s e  Figure 45 for c a l i b ~ g ~ i a ~ . , a t - o t . h e r  f requencies .  





Figure 47. OGO 4 c a l i b r a t i o n  of Band 2 r ece ive r  i n  e l e c t r i c  mode a t  
5 kHz. U s e  Figure 45 f o r  c a l i b r a t i o n  a t  o the r  f requencies .  

















Figure 48. OGO.4 c a l i b r a t i o n  of Band 3 rece iver  i n  e lec t r ic  mode a t  
50  kHz. U s e  Figure 45 f o r  ca&iQratiaon a t  o ther  f requencies .  
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INPUT (dBy) 
OGO 4 amplitude c a l i b r a t i o n  of the  Phase-tracking r ece ive r  a t  
20 kHz i n  e l e c t r i c  mode. 
o the r  f requencies .  
Use Figure 45 f o r  c a l i b r a t i o n  a t  
( I n  phase channel 360° corresponds t o  1 
v o l t  ) 
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VCO FREQUENCY (kHz1 
b .: 
. .  . .  
e. : . .  . ,. 
Figure 50. Frequency of the voltage-controlled osck l l9 to r  (VCO) a s  a 
func t ion  of t h e  output of t h e  Band 3 recfivjer i n  mode B. 
U s e  w i t h  Figures 43 and 40 i n  magnetic mode; (OGO 2 or 41, 
and wi th  Figures 48 and 45 i n  e l e c t r i c  mode’ ( O W  4 ) .  
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'9 1000 
FREQUENCY - H r  
Figure 51.  OGO 4 r e l a t i v e  frequency response of broadband ELF ("15-300 Ne") 
rece iver  (Mode A ) .  
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